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Abstract
Vast areas of Sudan and South Sudan are covered by alluvial soils derived from the
River Nile and its tributaries, across its historic flood plain. These soils are often
highly plastic and expansive in nature and cause many problems in the design,
construction and operation of geotechnical structures such as highway foundations
and embankments involving compacted fills.
The mechanical responses of two natural alluvial (Nile) soils from Khartoum,
Sudan, have been investigated experimentally. Disturbed samples of a black cot-
ton clay and red clay, both highly plastic, were used to prepare compacted and
reconstituted samples. Undisturbed block samples of the black cotton soil in its
unsaturated state were taken to investigate the influence of its natural in-situ fab-
ric.
Both soils have been fully characterised and intact, reconstituted, and com-
pacted samples tested using advanced triaxial and oedometer (conventional and
osmotic) apparatus. Soil-Water-Retention-Curves (SWRCs) were generated for
the soils using the filter paper technique to establish their unsaturated response
during drying and wetting cycles (the influence of sample shape was also investi-
gated). The SWRCs indicate that both soils develop significant hysteresis between
first drying and wetting curves but for subsequent cycles little hysteresis occurs.
The onset and form of cracking was observed during the SWRC drying. There is
no significant effect of sample’s sizes on SWRC.
Both clays exhibit a high swelling potential when the moisture content increases
from its in-situ value to full saturation. During undrained shearing reconstituted
samples had a much more brittle response after K0 consolidation compared with
isotropic consolidation while the soils’ stiffness response for both K0 and isotropic
consolidation is very similar. The strength of natural unsaturated samples was
found to increase with confining stress. Tests using osmotic oedometers indicate
i
that, for both the black and red soils, the magnitude of suction has a significant
effect on compression and expansion indices, with them decreasing with increasing
suction. The elasto-plastic models proposed by Wheeler and Sivakumar (1995)
and Alonso et al. (1990) (BBM) were found to not be suitable for predicting the
behaviour of the unsaturated compacted black and red soils as the results show
only very limited signs of a ‘yield point’, i.e. there was negligible loading collapse
behaviour observed at the stress levels used in the tests performed, for both these
Sudanese clays.
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A Pore pressure coefficient
Af Pore pressure coefficient at failure
A Area of cross-section of sample
Ao Area of cross-section of sample initially
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Cc Compression index
C∗c Intrinsic compression index
Cs Swelling index
C∗s Intrinsic swelling index
c′ Cohesion intercept based on effective stresses
D50 Particle size corresponding to 50% passing
e Void ratio
e0 Initial voids ratio
es Void ratio in saturated conditions
Eu Young’s modulus (undrained)
Gs Specific gravity of soil particles
ICL Intrinsic compression line
ID One-dimensionally
LC Loading-collapse
K0 Coefficient of earth pressure at rest
K Bulk modulus
Konc Coefficient of earth pressure in the condition of 1-D normal com-
pression
xxxi
K ′ Effective bulk modulus
ksat Saturated coefficient of permeability
k1 Coupling parameter in the constitutive model (Gallipoli et al.,
2003a)
k2 Coupling parameter in the constitutive model (Gallipoli et al.,
2003a)
M Gradient of critical state line in q − p′ space
MDC,MWC Main drying and main wetting curve respectively
Mw Molecular mass of water vapour (i.e. 8.016 1kg/kmol)
mv Coefficient of volume compressibility
N Specific volume at p′ = 1kPa in ν − lnp′ space
N(s) Intercept of ICL at suction s
PDC,PWC Principal drying and principal wetting curve respectively
PSC Primary scanning curve
p′ Mean effective stress, (σ′1 + 2σ
′
3)/3
p′′ Average skeleton stress (Bishop’s stress) (Gallipoli et al., 2003a)
pi
′ Initial mean effective stress
py
′ Isotropic mean effective yield stress
patm Absolute atmospheric pressure
pc′ Reference pressure (constitutive model parameter)
po
′ Isotropic mean effective yield stress at the current value of suction
p∗o
′ Preconsolidation mean effective stress for saturated conditions
Q Applied load
q Deviator stress, (σ′1 − σ′3)/2
R Universal gas constant (8.314 Jmol−1K−1)
r Constitutive model parameter
SD Suction decrease
SI Suction increase
SWRC Soil-Water-Retention-Curve
s Matrix suction (ua − uw)
Sa Saturation at the residual air content
Se Effective degree of saturation
Sf Terminal residual or final degree of saturation
Sr Initial residual degree of saturation
Sr Degree of saturation, (Vw/Vv)
s Matrix suction, (ua − uw)
s′ Stress path parameter, (σ′1 + σ
′
3)/2
xxxii
T Absolute temperature, K (273.16+t ◦C)
t Temperature ( ◦C), time
t′ Stress path parameter, (σ′1 − σ′3)/2
ua Pore-air pressure
u¯v Absolute partial vapour pressure of pore-water vapour
u¯vo Absolute saturation pressure of water vapour over a flat surface of
pure water at the same temperature
u¯v
¯uvo
Relative humidity, RH
uw Pore-water pressure
(ua − uw) Matrix suction at any point, s
(ua − uw)AEV Matrix suction at the AEV
Vv Volume of voids
Vw Volume of water
w Water content
wL Water content at the liquid limit
αd Drying contact angle
αw Wetting contact angle
α, n,m van Genuchten parameters
β Constitutive model parameter (Alonso et al., 1990)
βmeasured Measured shear band angle with respect to major principal plane
βtheoretical Theoretical angle between failure plane and major principal plane
(Mohr-Coulomb)
γ Bulk unit weight
γd Dry unit weight
γw Unit weight of water (9.81kN/m
3)
εa Axial strain
εr Radial strain
εs Shear strain
εv Volumetric strain
η Stress ratio in q − p′ space
ηmax Maximum stress ratio
ηmin Minimum stress ratio
θ Angle of which a stress path fans out with respect to p′ axis
θ Volumetric water content, (Vv/V )
θwa Volumetric water content at the residual air content
θwf Terminal residual or final volumetric water content
xxxiii
θwi Volumetric water content at point i
θwr Initial residual volumetric water
θws Volumetric water content at saturation point
κ Elastic coefficient of soil compressibility
κs Elastic coefficient of soil compressibility with suction
λ Elastic-plastic coefficient of soil compressibility
λp Pore size distribution index
λs Elastic-plastic coefficient of soil compressibility at suction s
λ(s) Elastic-plastic coefficient of soil
λ(0) Elastic-plastic coefficient of soil compressibility at full saturation
ν Specific volume, (1 + e)
νw Specific water volume
ξ Bonding stress variable (Gallipoli et al., 2003a)
pi Total suction
ρ Mass density
σ Total stress
σ′ Effective stress
σnet Net total stress
σt Tensile stress
σ3 Radial stress or cell pressure
σ1
′, σ3′ Effective principal stresses
σh
′ Effective horizontal stress
σv
′ Effective vertical stress
σvy
′ Vertical yield stress in oedometer space
σ¯v Vertical net stress
τ Shear strength/stress
τf Shear strength at failure
φ Angle of shearing resistance
φ′ Angle of shearing resistance based on effective stresses
φsc
′ Angle of shearing internal resistance at critical state
φpeak
′ Peak angle of internal shearing resistance
φr
′ Residual angle of internal shearing resistance
χ Parameter in Bishop’s effective stress: function of degree of satura-
tion
ψ Total suction
ψa Total suction at the residual air content
ψAEV Total Suction at the graphic air-entry value
xxxiv
ψi Total Suction at the inflection point
ψr Initial residual total suction
ψcr Critical total suction
xxxv
Chapter 1
Introduction
1.1 General
Expansive soils, which have a strong tendency to swell when absorbing water and
to shrink and crack if dried, cover an area approximately equal to one-third of Su-
dan and south Sudan and have caused significant damage to many civil engineer-
ing works located on these soils including buildings, highways, airport runways,
railroads, sewers, water lines and irrigation systems (Osman and Charlie, 1984).
Research on expansive soils in Sudan has focused on physical properties, physico-
chemical behaviour of expansive soils and suitable foundation types for these soils
(e.g. Lebon (1965), Morin (1971) and Hamid (1978)). It is important that all po-
tential construction sites in the clay plain be evaluated for potentially expansive
soils problems including both saturated and unsaturated behaviour. The earlier
studies mentioned above predate recent developments in the understanding of un-
saturated soil mechanics. The study of unsaturated behaviour of expansive soils
is complicated compared with saturated behaviour.
The mechanics of unsaturated soil is a complex science involving soil mechan-
ics, soil science, physics, chemistry, agronomy and geography and geology. A
partly saturated soil is a multi-phase system consisting of solids, water, air, and
an air-water interface or contractile skin. Fredlund and Morgenstern (1977) de-
fined an unsaturated soil as a combination of two phases that come to equilibrium
under an applied stress gradient (i.e. soil particles and air-water interface) and two
phases that flow under applied stress gradients (i.e. air and water). Collapsible
soils and expansive clays have particular relevance to partly saturated mechanics.
The success with the effective stress principle for saturated soils in engineering
practice has encouraged many researchers to attempt to extend a stress state vari-
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able framework to partly saturated soils. A primary research direction in recent
years has been towards understanding the comprehensive behaviour of unsatu-
rated soils by extending critical state soil mechanics concepts (e.g. Alonso et al.
(1990); Wheeler and Sivakumar (1995)). More recently there has been increase
in research studies related to unsaturated soils based on experimental work. Gal-
lipoli et al. (2003a) and Wheeler et al. (2003) have proposed methods for coupling
the hydro-mechanical behaviour of unsaturated soils. Many methods have been
proposed to predict and estimate the engineering behaviour of unsaturated soils.
A key common factor to many of these methods is the Soil-Water-Retention-Curve
(SWRC), sometimes referred to as the Soil-Water-Characteristic-Curve (SWCC).
The SWRC has been used indirectly to predict the flow, shear strength and vol-
ume change behaviour of unsaturated soils.
Expansive soils, which are clayey, are the one of the most problematic ground
materials throughout the world that are characterized by their potential for dra-
matic volume change upon drying and wetting. Whenever insufficient attention
is given to the deleterious properties of expansive soils, the result is usually unac-
ceptable deformations or construction failure evidenced by heave or swelling.
Over the past three decades little research work has been carried out on the
expansive soils in Sudan. Despite recent developments there are still many gaps in
knowledge relating to the behaviour of partly saturated soils. The study detailed
in this thesis aims to increase the knowledge and understanding relating to both
these areas.
1.1.1 Objectives of the study
The goal of this research is to investigate experimentally two types of plastic clay
soil gathered from Sudan to gain a better understanding of the behaviour of partly
saturated and reconstituted saturated samples, the mechanisms involved and to
determine geotechnical parameters for these particular soils. The main objectives
of this research can be summarized as follows.
 To investigate the characteristics and behaviour of two clays soils from Sudan
to gain a better understanding of their behaviour when in an unsaturated
state, in particular when compacted.
 To investigate the mechanical response of reconstituted samples to form a
basic framework in terms of their intrinsic behaviour to compare with the
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unsaturated response.
 To establish parameters relating to these soils from Sudan that can be im-
plemented in an unsaturated soil mechanics framework that can then be
applied to the assessment and application of geotechnical problems related
to compacted fills used in highways and embankment construction.
1.1.2 Scope of study
Natural disturbed soils were collected from two locations near to Khartoum: a
black cotton clay from El Gereif and a red clay from Wadi Madani, both of which
are expansive soils. These samples were dug by hand from the base of 2m deep
pits formed to cast pad footings for residential housing. In the case of the black
cotton clay soil it was also possible to excavate undisturbed block samples from
the same depth to investigate the in-situ properties of the black soil (there was not
the same opportunity to collect block samples of the red soil). It is primarily the
compacted response that is of interest and reconstituted tests have been performed
to provide a fundamental reference framework against which to make comparisons.
The disturbed samples have been used to prepare compacted and reconstituted
samples. The general application of compacted soils is as fill material for highways
and embankments. The scope of the study will focus on the characteristics of
compacted, reconstituted, and undisturbed samples and the behaviour of these
partly saturated expansive soils when used as fill materials (i.e. compacted).
First a laboratory characterization was undertaken to determine variables and
parameters such as Atterberg limits, specific density, particle size distribution
curves, and organic content. A series of experiments were then conducted on
the soils in both fully saturated and unsaturated states using various laboratory
equipment, including the oedometer, triaxial and osmotic oedometer apparatus.
1.1.3 Outline of the thesis
The thesis consists of ten chapters and three appendices. Following this introduc-
tory chapter, Chapter 2 is a literature review relating to the geology and geog-
raphy of Africa and Sudan including engineering aspects relating to the tropical
soils found there. It covers the distribution and extent of tropical soils in Africa
and the physical environment that helps to form them. This chapter also includes
a detailed geological history of the area of Sudan and central Sudan from where
the samples were collected.
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In Chapter 3, the SWRC is characterized in detail and some current rela-
tionships are reviewed. Also given is a comprehensive review of methods of soil
suction measurement with particular emphasis on the filter paper method and ba-
sic aspects of suction theory. This chapter also presents a review of soil shrinkage
including the theoretical aspects and the behaviour of clay soil in terms of volume
changes and water content with respect to soil suction. The final section of the
chapter covers the mechanical response of partly saturated soils and the constitu-
tive models developed to predict their behaviour.
Chapter 4 presents the origin and mineralogy of clays and the factors that
influence the formation of clay soils. This chapter also includes previous studies
relating the behaviour of natural soft clay and comparisons between the behaviour
of reconstituted and natural soft clays. The strength and stiffness of soft clays in-
cluding natural, reconstituted, and stiff clays are also discussed.
Chapter 5 describes the equipment and the techniques used for determining the
behaviour of the reconstituted, undisturbed and compacted Sudanese clay soils.
Also covered are the methods used to calculate the properties of these Sudanese
clays when subjected to oedometer, triaxial and osmotic oedometer tests, includ-
ing corrections that had to be implemented to the triaxial test data.
Chapter 6 details the characteristics of the soils tested in terms of their in-
dex properties and their mineralogy (based on XRD analyses). The main part of
this chapter covers the engineering response of reconstituted and intact samples
in terms of strength and compressibility. Comparisons are also made between the
response of samples of the reconstituted Sudanese clays subjected to isotropic and
1-D consolidation followed by undrained shearing.
Chapter 7 presents and discusses the experimental results relating to the
SWRCs and shrinkage behaviour of the black and red soils. The effect of errors and
sample size on the filter paper test method used to determine the SWRCs is inves-
tigated and discussed along with modelling the SWRCs using the van Genuchten
expression.
Chapter 8 assesses whether the periods used in the filter paper technique are
sufficient for suctions within the sample to come to equilibrium. The equilibrium
time is usually taken to be one week when measuring matrix suction and two
4
weeks when measuring total suction.
Chapter 9 details the paths followed in tests using the osmotic oedometer
together with the methods used for sample preparation. Several samples of com-
pacted partly saturated black and red clay were tested in this apparatus. The
analysis and interpretation of the results derived from these osmotic oedometer
tests are presented with a particular emphasis on developing the load-collapse
(LC) yield curve.
Finally, Chapter 10 summarises the main conclusions derived from this study,
and lists a number of recommendations for future work.
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Chapter 2
Literature review relating to
geology and geography of Africa
and Sudan
2.1 Introduction
In this chapter, the general geological and geotechnical characteristics of Africa
and Sudan are reviewed. First the distribution of tropical clay soils in Africa is
discussed and the chemical, mineralogical and physical properties of these tropical
clay soils in some African countries reviewed. Then a comprehensive account of
the physical environment of central Sudan is given with a synopsis of present
and past climatic conditions. The geology and geomorphology is described with
an emphasis on the soil formation of the Blue Nile-Nile region in central Sudan.
Crack development in the vertisols (clay soils) of Sudan is reviewed at the end of
the chapter.
2.1.1 African tropical clay soils
2.1.2 Definition and distribution
Morin (1971) reported that tropical clay soils are the main problematic soils of
Africa. These soils, often called black cotton soils, are poor materials to employ
for highway or airfield construction because they contain a large percentage of
plastic clay. These soils are strongly affected by water, drastically expanding
(swelling) when absorbing water and shrinking when drying. Tropical clay soils
occur in Africa in northeastern Nigeria, Cameroon, Chad, Sudan, Ethiopia, Kenya
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Equator
Figure 2.1: Distribution of tropical clay soils in Africa (Morin, 1971).
and other countries in eastern Africa. In many areas where these soils occur,
there are no suitable natural gravels or aggregates available for construction. Few
roads have been constructed across these soils that have proved satisfactory. The
distribution of the areas containing these clay soils is shown in Figure 2.1. Morin
(1971) found that most of the tropical black clayey soils are formed residually by
weathering of basic rocks, such as basalts. Alluvial deposits also occur but, except
for Sudan, are much more restricted in aerial extent. He defined the tropical black
clays as: dark grey to black soils with a high clay content, usually over 50%,
in which montmorillonite is the principal clay mineral and which are commonly
expansive. In general, the most common characteristics of tropical clays soil are
high clay content; dark colour; tendency to expand and shrink with change of
water content; and appreciable plasticity in the clay fraction. Basic characteristics
of some tropical clays of several northeastern countries are given in Tables 2.1 and
2.2. Chemical and mineralogical data are given in Table 2.1 and index properties
and engineering properties in Table 2.2.
Morin (1971) reported that the most common clay minerals are montmoril-
lonite, kaolinite, halloysite and illite. The principal exchangeable cation in all
cases is calcium. Magnesium is present in significant quantities, but potassium,
sodium and manganese occur only in minor amounts. Most of the soils are basic,
with pH values from 6.3 to 9.2. Morin (1971) also noted that there is a considerable
variation in the index properties, the silt and clay content varies from 58 to 90 %,
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Table 2.1: Chemical and mineralogical properties of tropical black clay soils
(Morin, 1971).
Location Sample
identi-
fier
Parent ma-
terial
Clay mineralogy Cation
ex-
change
capacity
(me/100gr)
Exchangeable
cations
pH Organic
con-
tent
(%)
Chad
Basin
CB-1 Alluvium - 34.90 Mostly Ca;
with Mg;
minor K
and Na
8.4 1.0
Chad
Basin
CB-2 Alluvium - 32.83 Mostly Ca;
with Mg;
minor K
and Na
6.3 1.0
Chad
Basin
CB-3 Alluvium
kaolin-
ite, illite,
montmo-
rillonite
- - - -
Chad
Basin
CB-4 Alluvium Quartz , kaoli-
nite, montmoril-
lonite
44.08 - - -
Nigeria NBC-
1
Calcareous
rocks
Montmorillonite,
quartz, kaolinite
- Mostly Ca;
with Mg;
minor K
and Na
- 1.0
Ethiopia Eth-1 Basalt Montmorillonite,
kaolinite, hal-
loysite
64.90 Mostly Ca;
with Mg;
minor K
and Na
7.2 1.0
Kenya KEN-
6
Basalt Montmorillonite,
kaolinite
- - 8.8 -
Kenya KEN-
9
Basalt Montmorillonite,
kaolinite
45.02 - 7.2 -
Uganda U-12 Basalt - 56.74 Mostly Ca;
minor Mg,
K and Na
7.4 1.0
Sudan SU-1 Alluvium
from
basalt
Montmorillonite,
kaolinite, illite,
quartz, calcite
- - 8.9 -
Sudan SU-2 Alluvium
from
basalt
Montmorillonite,
illite, kaolinite,
calcite
- - - -
Sudan SU-3 Alluvium
from
basalt
Montmorillonite,
kaolinite, illite
quartz , calcite
- - - -
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Table 2.2: Physical properties of tropical clay soils (Morin, 1971).
Location Sample
identi-
fier
Gradation% Atterb.
lim-
its
(%)
AAS-
HTO
class
Acti-
vity
(%)
Gs AASHTO tests*
- - sand silt clay LL PI - - - MDD
(t/m3)
OMC
(%)
CBR
(%)
Chad
Basin
CB-1 10 20 70 58 42 A-7-6 0.61 - - - -
Chad
Basin
CB-2 10 28 53 44 30 A-7-6 0.59 - - - -
Chad
Basin
CB-3 14 34 52 56 26 A-7-6 0.40 - 1.43 18.9 -
Chad
Basin
CB-4 10 30 60 52 33 A-7-5 0.56 - 1.44 19.3 -
Nigeria NBC-
1
11 30 57 66 46 A-7-6 0.82 2.52 1.63 24.0 -
Ethiopia Eth-1 4 38 56 109 81 A-7-6 1.36 - 1.21 32.5 0.5
Kenya KEN-
6
22 8 62 104 70 A-7-5 1.15 2.28 1.08 37.2 -
Kenya KEN-
9
8 37 55 72 48 A-7-6 0.88 2.47 1.17 24.3 -
Uganda U-12 6 32 56 87 63 A-7-6 1.12 2.33 1.33 31.4 0.8
Sudan SU-1 - - - 70 41 - - - - - -
Sudan SU-2 - - - 58 28 - - - - - -
Sudan SU-3 - - - 30 8 - - - - - -
* MDD- Maximum dry density
OMC- Optimum water content
CBR- California bearing ratio
Gs- specific gravity
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while the clay fraction varies from 40 to 70 %. Liquid limit values range from 22
to 124 % and plasticity indices vary from 11 to 74 % (most of clays plot above the
A-line on the casagrande chart, i.e. non-organic). Activities are all below 1.4 and
most are under 1.0. Engineering properties include moisture-density relationships:
the standard AASHTO densities range from 1.08 t/m3 to 1.63 t/m3.
2.2 The physical environment in central Sudan
2.2.1 Climate
The climate of central Sudan, according to the climatic classification of Ko¨ppen
(1931), is a low-latitude dry climate. Two climatic regions are involved, an arid
zone towards the north, and a semi-arid zone lying on the margin near the Equator
(Morin, 1971). There are many observation stations along the Blue Nile, White
Nile and Nile rivers to measure the climatic conditions. The Sudanese Meteorolog-
ical Service measures the climate conditions including the average annual rainfall
and air temperature. Table 2.3 shows the geographical latitude and altitude above
the sea level of the observation posts and the climatic conditions during the years
1931-1960.
2.2.2 Temperature
The temperature of central Sudan varies during the year, in winter which is be-
tween October to February the average high temperature ranges from 22 ◦C to
32 ◦C, while in summer (May to August) the average daily temperature is around
35 ◦C. Due to climate change, the temperature is increasing during summer and
winter time. The average temperature during hot periods can reach 42 ◦C, while
even in winter time it can be as high as 32 ◦C. Table 2.4 gives the monthly mean
value of daily air temperatures recorded at the seven meteorological stations from
1931 to 1960.
2.2.3 Moisture
Morin (1971) noted that rainfall in Sudan is characterized by a long rainy season,
spanning the period from March to November gradually diminishing in length to
the north with scarce rainfall in August in very northern Sudan. The rainy season,
over this 9-month stretch, results in a rainfall average of 1,142mm per year. A
3-month rainy season in the capital city Khartoum has an average of 164mm of
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Table 2.3: Altitude, geographical latitude, average rainfall and air temperature of
main meteorological stations (Buursink,1971).
Station Altitude in
metres above
mean sea
level
Latitude Average an-
nual rainfall
in (mm)
Average
annual air
temperature
(◦C)
Atbara 345 17 ◦42′ 72 29.7
Shendi 360 16 ◦42′ 136 29.5
Khartoum 380 15 ◦36′ 164 29.6
Wadi Madani 405 14 ◦23′ 373 28.4
Sennar 420 13 ◦23′ 481 28.3
Singa 430 13 ◦09′ 596 28.6
Roserires 465 11 ◦51′ 776 28.0
Table 2.4: Average daily air temperature in ◦C per month (Buursink, 1971).
Month
Station
J F M A M J J A S O N D
Atbara 22.6 23.5 26.7 30.7 33.7 35.0 33.7 32.9 33.9 32.0 27.5 24.1
Shendi 23.1 23.6 27.1 30.5 33.5 35.0 33.1 32.2 33.2 31.6 27.9 23.8
Khartoum 23.7 24.7 27.9 31.5 33.7 34.1 31.7 33.4 32.0 32.3 28.2 24.9
Wadi Madani 24.1 25.1 28.1 31.1 32.4 32.1 29.3 27.7 28.8 30.1 27.4 24.7
Sennar 23.0 26.0 28.9 31.5 32.2 31.2 28.3 27.1 28.0 29.7 28.3 28.7
Singa 25.9 26.9 29.7 32.1 32.1 30.5 27.9 26.7 27.7 29.4 28.7 26.7
Roserires 26.3 27.5 29.8 32.1 30.7 28.5 26.7 26.1 26.7 28.0 27.7 26.6
rainfall per year, which is very similar to the national average annual rainfall of
164mm per year or 14mm per month. There is no rainfall during winter months
(December to February). Table 2.5 shows the average monthly rainfall in 1971.
Table 2.5: Average monthly rainfall in mm (Buursink, 1971).
Month
Station
J F M A M J J A S O N D
Atbara 0 0 0 1 4 1 20 38 7 1 0 0
Shendi 0 0 t* 1 3 2 43 64 20 3 0 0
Khartoum 0 t* t* 1 5 7 48 72 27 4 t* 0
Wadi Madani 0 0 t* 2 20 34 123 138 60 16 0 0
Sennar 0 t* 1 4 29 47 146 170 63 21 t* 0
Singa 0 0 t* 4 26 73 171 198 95 28 1 t*
Roserires 0 t* 1 11 58 126 166 221 152 36 5 0
*t- trace
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2.3 Geological history
2.3.1 Geology of Sudan
Buursink (1971) reported that the African continent has emerged for over the past
259 million years. Continental deposits at the surface in central Sudan are con-
sidered to consist largely of weathering products of Ethiopian rocks, transported
by the Blue Nile and Atbara rivers (Figure 2.2). Figure 2.3 shows the distribution
of the main geological formation of central eastern Sudan as well as of western
Ethiopia.
Buursink (1971) noted that the largest proportion of the Basement Complex in
Sudan and Ethiopia consists of folded metamorphic rocks. Formations are only
grouped according to geological period as shown in Table 2.6 in which the rock
stratigraphy in Sudan and Ethiopia are presented.
Most of Sudan is composed of the Nubian formation (Mesozoic period) which con-
sists of yellow and brown bedded sandstones and mudstones, varying in thickness
from 50 to 600 metres (Buursink, 1971). The Gezira formation (Quaternary pe-
riod), which occupyies a large part of the Gezira and Kenana areas between the
Blue Nile and White Nile, rests on the Nubian formation (Buursink, 1971). The
country’s soils can be divided geographically into three regions and categories.
There are the sandy soils of the northern and west central areas, the clay soils of
the central region, and the laterite soils of the south. Less extensive and widely
separated, but of major economic importance, is a fourth group consisting of al-
luvial soils found along the lower reaches of the White Nile and Blue Nile rivers,
along the main Nile to Lake Nubia, in the delta of the Qash River in the Kassala
area, and in the Baraka Delta in the area of Tawkar near the Red Sea in Ash
Sharqi State (Buursink, 1971). Figure 2.2 shows the distribution of principal soil
types in Sudan.
2.3.2 Geology of central Khartoum
Khartoum, the capital of Sudan, is located at the confluence of the White and
Blue Niles. Geological and geotechnical data indicate that the subsoil conditions
at Central Khartoum are characterized by alluvial deposits underlain by Nubian
Sandstone. The alluvial deposits known locally as the Gezira formation underlie
Central Khartoum (Morin, 1971). This formation contains a hard crust of fine
grained soils underlain by saturated loose to medium dense sand. These deposits
are considered to consist largely of weathering products of Ethiopian rocks, trans-
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Table 2.6: Simplified rock stratigraphic column (Buursink,1971).
Period Rock unit Area Lithology
Quaternary
Kordofan sands Sudan aeolian sands
Gezira formation Sudan aluvial sands and clays
Aden series lavas Ethiopia plateau basalts
Tertiary
Trap lavas Ethiopia basalts, some trachytes and rhyo-
lites
Umm Ruwaba formation Sudan aluvial clays and sands
Hudi formation Sudan cherts
Mesozoic
Continental Intercalaire Sudan sandstones
Nubian formation Sudan sandstones and mudstones
Upper Sandstone Ethiopia sandstones
Antalo Limestone limestones
Adigrat Sandstone Ethiopia sandstones
Paleozoic Unconformity Sudan and
Ethiopia
-
Precambrian Basement Complex Sudan,
Ethiopia
metamorphic and igneous rocks
ported by the Sobat, Blue Nile and Atbara rivers.
Buursink (1971) reported that the Gezira formation, occupying a large part of
the Gezira and Kenana areas between the Blue Nile and White Nile, rests on the
Nubian formation. A subdivision of the Gezira formation into three rock strati-
graphic units is suggested by Berry and Whiteman (1968): (i) upper clay member
(clay thickness varying from 6m to 45m), (ii) lower sandy member (consisting of
gravel, silt and clay) and (iii) Mungata member (located only in the southern
Gezira, which ranges from clay to gravel, but is predominantly clayey). Figures
2.3, 2.4 and 2.5 show geological maps of central Sudan and the locations from
which the two soils being investigated in this study were taken.
.
2.4 Geomorphology
The White Nile from Lake Victoria (at elevation =1135m) and the Blue Nile
from Lake Tana (at elevation =1840m) join to form the Nile at Khartoum (at
elevation=376 m). The location where the samples were collected (central Sudan)
is marked in the generalized section of the Nile river system (Figures 2.6 to 2.8).
Figure 2.6 covers both a part of the Blue Nile basin, from the Ethiopian border to
Khartoum, and of the Nile and the White Nile basin, from Khartoum to Egypt.
The Blue Nile in Sudan flows across a generally flat and nearly level plain with
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Block sample
Figure 2.2: The distribution of soil in Sudan (Nawari and Schetelig, 1991).
El Gerief Area
Wadi Madani area
Figure 2.3: Geological formation of central Sudan, east of Sudan, and western
Ethiopia (bedrock map: solid map) (Buursink, 1971).
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Figure 2.4: Geology of central Sudan (superficial deposit map: drift map) (Sudan
Survey Department, 1952).
Figure 2.5: Geology of central Khartoum (bedrock map: solid map) (Sudan Survey
Department, 1952).
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 Figure 2.6: The Nile and its tributaries (Buursink, 1971).
a maximum width of 250m. This plain ranges in elevation from 480m west of
Damazin to some 380m at Khartoum, with an average gradient of about 22cm/km
(Buursink, 1971). The gradient decreases after Khartoum to 10cm/km between
Khartoum and Atbara.
2.4.1 Mineral studies of Blue and river Nile sediments
Buursink (1971) reported that, in terms of solid sediment load of the Blue Nile
and river Nile, there is a gradual increase in clay in the downstream direction due
to the decrease in the gradient. Also from his studies, he found that, by using
X-ray diffraction tests, minerals of the clay fraction (< 2µm) of the Blue Nile
and Nile were very similar. The results indicated that minerals from the mont-
morillonite series constitute the dominant component in this fraction, with small
amounts of kaolinite, about 3% calcite, 3% quartz, and traces of feldspars (sili-
cates). Hamdi (1967) also performed mineralogical analyses of the clay fraction of
some typical alluvial soils of the Nile delta using X-ray diffraction tests, thermal
and chemical analysis in addition to cation-exchange capacity (CEC) and surface
area measurements. The results indicated that the average mineralogical compo-
sition was: montmorillonite, 48-56 %; kaolinite, 15–18 %; mica, 5-11 %; feldspars,
5 %; quartz, 3-5 % and free oxides, 11-16 %.
Khadr (1961) investigated samples collected from the Nile valley and the delta
using X-ray diffraction and differential thermal analysis. He found that the sam-
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 Figure 2.7: Central Sudan map (Buursink, 1971).
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Table 2.7: Chemical composition of the dissolved load of the Nile system (Bu-
ursink,1971).
River Location Date
sampled
Dissolved
solids
Ca Mg Na K HCO3 SO4 Cl NO3 SiO2 Author
Blue Nile Wadi Madani 1936-37 - 24.4 5.3 9.9 - - 9.4 - - - (Greene and
Snow, 1939)
Khartoum 1904-07 - 20.2 7.1 7.5 2.0 - 6.3 2.4 - 19.5 (Greene and
Snow, 1939)
White Nile Khartoum - 249 17.4 5.2 30.7 11.8 149.2 0.44 8 0.44 25.6 (Livingstone,
1963)
N.B. all measurement in parts per million
ples contained 60-75 % montmorillonite, 10-15 % kaolinite and some 3% quartz.
Buursink (1971) reviewed data on the chemical composition of the dissolved con-
stituents of the Nile, which are summarised in Table 2.7. From this table the main
ions in solution is calcium and bicarbonate (White Nile).
Buursink (1971) investigated 23 samples collected from near the Blue Nile and
Nile to understand the nature and characteristics of the alluvial soils in central
Sudan. These soils were divided into seven sample areas distributed along 750 km
of the Blue Nile and Nile. Four sample areas were located west of the Blue Nile
and the other three to the east of the Nile. The seven sample areas were numbered
1 to 7 from south to north as shown in Figure 2.8. Areas 3 and 4 are discussed
in detail because the samples used in this research were collected close to these
areas.
2.4.2 Samples from area No.3
Buursink (1971) investigated four samples (31, 32, 33, and 34) which were col-
lected from Sennar area which is close to Wadi Madani city from where the red
soil samples were collected (from 2m depth). Tests were performed to determine
the soil profile and characteristics in central Sudan. Tables A.1 to A.16 in Ap-
pendix A, show the soil profile and laboratory results for area No. 3.
The study from area No.3 indicates that the soils to 2m depth are of silty clay,
basic with pH values ranging between 7.4 and 7.7 with little organic matter, less
than 1% (Tables A.1 to A.3). The principal exchangeable cation over this depth
is calcium. Magnesium is present in greater quantities compared with potassium
and sodium which only occur in small amounts (Table A.4). The properties of
soils from location (32) are almost the same as those from location (31) but the
samples from this location are more sandy. The samples from Location (33) are
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 Figure 2.8: Location of sample areas (Buursink, 1971).
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more plastic with a clay content more that 67 %. Also calcium is the principal
exchangeable cation (see Tables A.9 to A.12). The properties of the samples from
location (34) are similar to those from location (33) (see Tables A.13 to A.16).
2.4.3 Samples from area No.4
Area No.4 is represented by locations 43 and 44, this area is close to Khartoum
from where the black soil samples were collected (from 2m depth). Tables A.17
to A.24 in Appendix A, show the soil descriptions and laboratory results for this
area. The parent material is a calcareous alluvium of the Blue Nile. The depth of
the ground water table is unknown for samples 43 and 44. This area is considered
as tropical arid with some summer rains (see Table 2.3). From these two samples
profiles, the area is covered with sandy clay soil with pH values more than 9.8.
Calcium is the principal exchangeable cation.
2.5 Studies on cracking in vertisols of Sudan
2.5.1 Cracking characteristics of soils vertisols from Gezira
(central Sudan)
Ahmad (1996) reported that black clay soils of the tropics and sub-tropics, now
classified as vertisols, have attracted scientific attention for the past century,
mainly in India where they were historically important agricultural soils and rec-
ognized as having distinctive characteristic and properties. Due to their colour
mainly, they were considered as a type of Rendzina, described in Europe as soils
with dark coloured top layers and high organic contents but with good physical
properties. Shrink-swell processes in soils are related to clay content, the con-
tent of fine clay and their mineralogy. Vertisols generally have high clay content
(50 to 70 percent) and a relatively large proportion of fine clay in the clay fraction.
Service (1999) noted that the main characteristic of vertisols is that they
are clayey soils that have deep, wide cracks for some time during the year and
have slickensides within 1 m of the soil surface. They shrink when dry and swell
when moistened. The extent of vertisols have been mapped in many countries.
The largest areas are in Australia (80,000,000 ha), India (73,000,000 ha), Sudan
(50,000,000 ha), and the United States (18,000,000 ha) (Service, 1999).
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The vertisols in Sudan occur in the central plain, southern clay plain and Nu-
bian mountain clays. The central clay part, which is called Gezira, lies between
the Blue and White Nile. Gezira’s soil is predominantly a typical vertisol which
expands and contracts markedly with changes in moisture content and develops
vertical cracks in the dry season. These soils are alluvial soils carried by the Blue
Nile from the Ethiopian Highlands and deposited in the Gezira area. The Gezira
clay plain has a gentle downward slope (flat areas) from south to north and heavy
rainy season from July to October and temperatures between 20 to 37 ◦C. These
environments help create the vertisols in the Gezira area which have their own
particular behaviour and properties. The cracking of the dry soil is an important
aspect of the vertisols development and therefore it is considered as important in
the classification of these soils (Elias et al., 2001).
2.5.2 Dynamics of cracking during wetting and drying
Elias et al. (2001) observed that the number of cracks increased in the first three
days after irrigation (i.e. after wetting) with cracks having a width of less than
5 mm (Figure 2.9). Subsequently, the number of cracks per unit area decreased
while the crack dimensions increased. It is mentioned that during the study in
the Gezira area, when wider cracks were formed, smaller cracks closed. It was
also observed that cracking in these soils started immediately after irrigation and
with evaporation, the soil continued to crack until wider cracks formed. It was
also noted that aridity, carbonate and gypsum contents in vertisol soils decreased
from the south to the north and these trends reflected the importance of rainfall
as an effective factor in the development of cracks within these soils.
2.5.2.1 Cracking patterns in the vertisols of the Sudan Gezira at the
end of the dry season
Elias et al. (2001) noted that vertisols cover an area of 257 Mha worldwide mainly
in Australia, India and Africa. The main properties of the vertisols are that
they expand and contract with changes in moisture content and develop vertical
cracks when drying out. The cracks play an important role in the development of
vertisols and are considered an important feature in the soil classification. Elias
et al. (2001) found that the intensity of soil cracking (volume of cracks) at the end
of the dry season increased from the north to south of Gezira and the intensity of
cracks seems to be linked to the soil clay content which also increased from north
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 Figure 2.9: Cracking patterns between the first and second irrigation treatments
(no crack); day1 (top left), day 3 (top right), day 7 (bottom left), day 12 (bottom
right) (Elias et al., 2001).
to south. He also noted that the intensity of cracks is dependent on the amount
of rainfall during the rainy season. Figure 2.10 shows the relation between clay
content determined at three locations and volume of cracks that were observed in
4m2 sample area at each site. The volume of cracks was calculated by measuring
depth, width and the distance between cracks.
2.6 Summary and conclusions
Tropical clay soils occur in the northeastern African continent. These soils do not
make good construction materials (e.g. as embankment fills). The properties of
tropical clay soils are similar in behaviour to other expansive soils. Montmoril-
lonite is the clay mineral responsible for swelling in tropical soils.
The subsoil conditions in Central Sudan are alluvial deposits (6-45m thick) un-
derlain by Nubian Sandstone (Buursink, 1971).
The alluvial deposits known locally as the Gezira formation underlie Central
Khartoum. These deposits have formed from the weathering of Ethiopian rocks,
the products from which are then transported by the Sobat, Blue Nile and Atbara
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 Figure 2.10: Relationship between the soil clay content and crack volume (Elias
et al., 2001).
rivers.
The landscape related to the Blue Nile in Sudan and its tributaries consists of
a flat and nearly level plain with overall gradient of about 22cm/km (Buursink,
1971). Mineralogical studies showed that the montmorillonite is the dominant
component when the Blue Nile and Nile were investigated.
The black and red soils studied in the current research were retrieved from
the Gezira formation. Both are alluvial deposits rich in montmorillonite one a
black-cotton clay and other a red clay.
These soils have been strongly influenced by the physical environment such as
climate, temperature, and moisture. In Sudan the climate varies greatly across
the country with arid desert in the north, semi arid areas in the central zone and
tropical grasslands in the south. In terms of temperature, in winter (October to
February) the average high temperature ranges from 22 to 32 ◦C, while in sum-
mer (May to August) the daily average temperature is 35 ◦C. Sudan’s rainfall is
characterized by along rainy season (March to November) which has a gradually
diminishing period towards the north.
Studies indicate that the intensity of cracking and size of cracks at the end of
the dry season increases from north to south in Gezira, in a corresponding manner
to aridity which increases from the north to the south (Ahmad, 1996). An increase
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in the cracking intensity is related to clay content and the rate of loss of water
(evaporation rate).
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Chapter 3
Literature review relating to
measurement of suction, SWRC,
soil shrinkage and recent
unsaturated soil modelling
3.1 Introduction
Worldwide, partially saturated soils are encountered in the field of geotechnical
engineering far more than saturated soils. Yet, the understanding of the mechan-
ics of partially saturated soils lags far behind that of saturated soils. A partially
saturated soil is a complex multi-phase system consisting of air, water and solid
material whose response is a function of the stress state, moisture condition and
other internal variables present within the soil (Fredlund and Morgenstern, 1977).
Ashayeri et al. (2010) noted that the development of unsaturated soil mechanics
based on the concept of using two independent stress state variables requires mea-
surement of the soil suction. Several techniques have been developed to measure
soil suction in the laboratory and in-situ. The total suction is the summation of
the components of osmotic suction and matrix suction. Osmotic suction is influ-
enced by the salt concentration in the pore water in soils while matrix suction is
related to the mechanical effect of the water menisci. Many methods have been
devised to measure suction. The use of filter paper for estimating the water poten-
tial was first reported by Gardner (1937) for agricultural applications. Currently,
the filter paper technique is the standard test method for the measurement of soil
suction in ASTM 5298-94 (Standard, ASTM, 2010) and is the primary method
adopted in this research.
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The work presented in this thesis concerns the characterisation of two very plastic
clays both in fully saturated and unsaturated states. In situ, the soil is unsat-
urated and frequently desiccated to such a degree that cracking occurs. This
chapter covers a number of aspects of unsaturated soils relevant to the testing and
characterisation that have been performed in the research presented in this thesis.
Chapter 4 covers the response of different clay soils in a saturated state. By com-
paring the response of saturated reconstituted and natural samples the effects of
structure can be identified, these responses can in turn be compared with those of
unsaturated samples to isolate effects of partial saturation (e.g. unsaturated soils
are often less compressible and stronger than the same soil with the same struc-
ture when saturated). Also in this chapter there is a focus on the shrinkage and
cracking behaviour, that occur as a soil becomes very desiccated, from theoretical
and experimental perspectives.
3.2 Definitions of unsaturated soil
Fredlund and Morgenstern (1977) defined unsaturated soil as a soil that has more
than two phases (water and soil) and its pore water pressure is negative relative to
pore air pressure. There are several ways that a soil can change from a saturated
to an unsaturated state. For instance: exposure in a dry environment, climatic
changes and the processes of excavation, remoulding, and recompacting of a soil
may all result in an unsaturated soil. The three primary phases of an unsaturated
soil are soil particles, water and air. However, it is important to recognize the exis-
tence of a fourth phase which is called the air-water interface (sometimes referred
to as the contractile skin). An element of unsaturated soil is shown in Figure 3.1.
The importance of the contractile skin phase is its ability to exert a tensile pull and
for this reason it is often considered more rigorous to recognize an unsaturated
soil as a four-phase system when performing a stress analysis (see Figure 3.2).
Fredlund and Morgenstern (1977) described the phases of unsaturated soil from
a behavioural standpoint, saying that an unsaturated soil can be visualized as a
mixture with two phases that come to equilibrium under an applied stress gradient
(soil particles and contractile skin) and two phases that flow under applied stress
gradient (air and water). Fredlund and Morgenstern (1977) suggested that from
the standpoint of the volume-mass relation for an unsaturated soil, it is adequate
to consider the soil as a three-phase system since the volume of the contractile
skin is very small and its mass can be considered as part of the mass of water.
However, when considering the stress analysis of a multiphase continuum, it is
26
 Figure 3.1: An element of unsaturated soil with a continuous water phase (Fred-
lund and Rahardjo, 1993).
suggested that the air-water interface behaves as an independent phase. Figure
3.2 shows a rigorous four-phase diagram for unsaturated soil.
3.3 Soil suction
In a soil, suction is an isotropic pressure that the pore water exerts to absorb more
water and it is generated as a consequence of menisci forces and physio-chemical
actions. Soil suction is therefore usually divided into two components, matrix
suction (related to capillary action) and osmotic suction (related to the presence
of salts). In practice, soils above the groundwater table are usually partially satu-
rated and the soil water at this level is normally under a tensile stress or negative
pore water pressure. Matrix suction is defined as the difference between the pore
air pressure and the pore water pressure (ua − uw). Often the pore air pressure is
atmospheric and so in this case the matrix suction is simply the pore water pres-
sure, expressed as a positive quantity. Matrix suction is induced by two physical
phenomena, namely capillarity, and surface absorption.
The capillary phenomenon is the ability of a liquid to rise in narrow spaces or
openings without the assistance of, and in opposition to, external forces such as
gravity and is related to the surface tension of water as presented in Figure 3.3(a).
If the diameter of the openings, represented as a tube, is sufficiently small, then
the combination of surface tension and adhesive forces between the liquid and the
tube wall act to lift the liquid. The smaller the tube radius and the finer textured
the surface, the higher the water rises within the tube (Equation 3.1).
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 Figure 3.2: Phase diagrams for an unsaturated soil, (a) rigorous four-phase unsat-
urated soil system, (b) simplified three-phase diagram (Fredlund and Rahardjo,
1993).
Matrix suction,
s = ua − uw = 2Ts
Rs
(3.1)
where Ts is the surface tension and Rs is the radius of curvature of the meniscus.
In practice, the height of water rise above the ground water level within a soil
depends on the pore sizes between grains, which in turn are related to the particle
size distribution of the soil.
Surface absorption is relevant to clay minerals. Clay particles have negatively
charged surfaces and so seek to be compensated by an equivalent positive charge
of cations (Mitchell, 1993). This out-of-balance electrical charge around a clay
particle, Figure 3.3(b), has the ability to attract water molecules (which have
positive charge). The type of clay mineral has an important role in the absorption.
For instance, clay soils with high activity and high specific surface area of clay
mineral have the ability to retain greater amounts of water around their particles
and remain saturated even at high suction levels. The most significant of these
types of clay mineral is montmorillonite which has a great potential for swelling
and shrinkage upon wetting and drying. Several definitions of suction have been
suggested by different researchers as discussed in the following section.
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(b)
(a)
Figure 3.3: The two phenomena contributing to matrix suction, (a) capillarity,
and (b) water absorption at the surface of a clay particle (Mitchell, 1993).
3.3.1 Definitions of soil suction
Aitchison (1965) suggested the following definitions of total, matrix and osmotic
suction.
Matrix suction, capillary component of free energy (s = ua − uw)
“In suction terms, it is the equivalent suction derived from the measurement of
the partial pressure of the water vapour in equilibrium with the soil water, relative
to the partial pressure of the water vapour in equilibrium with a solution identical
in composition to the soil water”.
Osmotic suction, solute component of free energy (pi )
“In suction terms, it is the equivalent suction derived from the measurement of
the partial pressure of the water vapour in equilibrium with a solution identical in
composition to the soil water, relative to the partial pressure of the water vapour
in equilibrium with free pure water”.
Total suction, free energy of the soil water (ψ)
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“In suction, it is the equivalent suction derived from the measurement of the
partial pressure of the water vapour in equilibrium with the soil water, relative to
the partial pressure of the water vapour in equilibrium with free pure water”.
Total suction is a function of the partial pressure of the pore-water vapour and it
can be written mathematically as follows.
Total suction,
ψ = −(RTρw
ωv
) ln(
u¯v
u¯vo
) =
−RTρw
ωv
ln(RH) (3.2)
where:
ψ = soil suction or total suction (kPa)
R = universal (molar) gas constant (8.31432 Jmol−1K−1)
T = absolute temperature, K (273.16+t)
t = temperature, (◦ C).
ρw = density of water (998 kg/m
3 at 20 ◦ C)
ωv = molecular mass of water vapour (i.e. 18.016 kg/kmol)
u¯v = absolute partial vapour pressure of pore water vapour (kPa)
u¯vo = absolute saturation pressure of water vapour over a flat surface of pure water
at the same temperature (kPa)
RH = relative humidity = ( u¯v
¯uvo
)
Aitchison’s definitions have been used for many years. Later, Ridley and Burland
(1993) and Ridley (1993) noted that the generally accepted definitions of soil mois-
ture suction are those given by Aitchison and Richards (1965). Quantitatively,
the soil moisture suction is represented by the difference between the ambient air
pressure and the soil pore water pressure.
3.3.2 Laboratory measurement of the soil suction using
filter paper technique
There are many techniques for soil suction measurement. Some of them pro-
vide direct measurement while others indirect measurements (e.g. using relations
between suction and relative humidity). In Table 3.1 the most commonly used
techniques for measuring total, matrix and osmotic suction are listed. For the
research discussed in this thesis the primary method of suction measurement was
the filter paper technique. Additionally, suction probes were used within the os-
motic oedometer apparatus, as described in Section 5.7.1.1.
The principle of the filter paper technique is that the dry filter paper uses its
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Table 3.1: Details of common suction measurement techniques and devices (Ridley
and Wray, 1996).
Technique Matrix
suc-
tion
Total
suc-
tion
Range
(kPa)
Response
time
Method
Thermocouple Psy-
chrometer
* 100-7500 minutes Indirect
Thermistor/transistor
psychrometer
* 100-71000 minutes Indirect
Filter Paper (in-
contact)
* 30-30000 7 days Indirect
Filter Paper (non-
contact)
* 400-30000 7-14 days Indirect
Osmotic tensiometer * 0-1500 hours Direct
Axis translation
(including pressure
plates)
* 0-10000 hours Direct
Thermal conductivity
probe
* 0-400 weeks Indirect
IC tensiometer * 0-1800 minutes direct
absorption capacity to draw moisture from the soil until the suction in the soil
and the paper reach equilibrium. Many researchers use this technique. The filter
paper can be used for measuring both total and matrix suctions up to 30,000 kPa
the reliable limit of the filter paper (Marinho, 1994). Moreover, it can be used
for both disturbed and undisturbed samples in the field or in the laboratory. It
is inexpensive compared to other techniques. On the other hand, the filter paper
technique requires extreme care in carrying out the measurements even though
only simple tools are needed for the test. It is usually assumed that the filter
papers need a minimum of seven days to reach suction equilibrium with the soil
when measuring matrix suction and 14 days when measuring total suction.
3.3.2.1 Measurement technique
When a dry filter paper is placed close to a wet soil, the water will pass from the
soil to the dry filter paper until equilibrium of suction is reached. There are two
methods of allowing the filter paper to come to equilibrium with the soil sample.
In the first, the contact method, the filter paper is placed directly on the wet
sample, in this case the matrix suction is determined by measuring the filter pa-
per water content. The other approach is to have a gap between the filter paper
and the sample (typically 2.5 mm) and is referred to as the non-contact method
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Block sample
Figure 3.4: Set-up for measuring suction using filter paper technique (contact and
non-contact method).
from which total suction is determined. Normally an ash-free quantitative Type
II filter paper such as Whatman No. 42, or Schleicher and Schuell No. 589, is
used. In this research project, Whatman No.42 filter paper was used for suction
measurements.
Methods of using the filter paper technique have been developed over many
years, e.g. by ASTM 5298-94 and other researchers, such as Marinho (1994) and
Melgarejo Corredor (2004). These were adopted for measuring suction in this re-
search. For increased accuracy, dry filter papers (70 mm diameter) are placed on
both flat surfaces of a disk-shaped soil sample usually of 100 mm diameter. The
flat surfaces of the sample should be trimmed smooth for good contact. Perspex
disks of 100 mm diameter are used to hold the filter paper in place and seal them
against the sample. For non-contact measurement, 2.5mm thick perforated Per-
spex disks were used by the author to separate the filter paper from the sample.
The soil sample and Perspex disks are then wrapped with three layers of cling film
to minimize any air entry. Finally the sample is placed in two sealed plastic bags.
Figure 3.4 shows the two configurations of the filter paper test used to determine
suction. The soil sample with filter papers is stored in a temperature-controlled
environment and left to equilibrate.
At the end of the equilibrium period, the soil sample is unwrapped and the
Perspex disks removed. The filter papers either side of the sample are placed inside
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Table 3.2: Filter paper calibrations for Whatman No.42 filter paper.
Reference Calibration Water content in
filter paper (%)
log(suction) (kPa)
Chandler et al. (1992) For an initially
dry filter paper
< 47
> 47
4.842-0.0622*(w/c)
6.050-2.48*log10(w/c)
Dineen (1997) For an initially
wet filter paper
< 15.5
15.5≤(w/c)≤57.2
>57.2
4.842-0.0622*(w/c)
4.573-0.0449*(w/c)
2.094-0.0158*(w/c)
individual small plastic bags within five seconds of exposing them to minimize any
atmospheric moisture transferring to the filter paper or loss of moisture from the
filter paper. Then both filter paper and the plastic bag are weighed immediately
using a balance with a resolution of 0.0001g.
The practice of using a plastic bag for weighing the filter papers has been
proposed to minimize errors due to changes in the moisture content of the filter
papers during the weighing process.
Prior to placing the filter paper inside the plastic bag, the empty bag is weighed
to the nearest 0.0001g. A clean pair of tweezers should be used all the time for
holding the plastic bag and the filter paper. The filter paper is removed from the
plastic bag and placed in a tin, and the filter paper and the tin placed in an oven
at a temperature of 110 ◦C for a minimum of 2 hours. At the same time, a dry
filter paper is placed inside the empty plastic bag to absorb any excess of moisture
remaining in the bag. After two hours of drying in the oven, the filter paper is
placed quickly in the plastic bag to be weighed. After weighing the plastic bag and
dry filter paper, the water content in the filter paper is determined by subtracting
the wet weight from the dry weight. The suction is then estimated using one of
the relations shown in Table 3.2.
3.4 Soil-Water-Retention-Curve (SWRC)
Many researchers have investigated coupling the hydro-mechanical behaviour of
unsaturated soils and several methods have been proposed to predict and esti-
mate their engineering response. The Soil-Water-Retention-Curve (SWRC), usu-
ally plotted as a relation between degree of saturation and logarithm of suction,
plays a key role in the constitutive models proposed and has been used to predict
the compressibility during virgin loading (Wheeler et al., 2003), shear strength
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(Tarantino and Tombolato (2005) and volume change behaviour of unsaturated
soils. The general shape of the SWRC is a sigmoid curve having an “S” shape
as shown in Figure 3.5. The SWRC can also be presented in terms of volumetric
water content, θw (defined as the ratio of the volume of water to the total volume
of soil) and/or void ratio. To investigate the relationship between the SWRC and
the properties of an unsaturated soil, the SWRC should be determined experi-
mentally.
In the laboratory the SWRC can be obtained by taking a sample in its initial
state (fully or partly saturated) or a slurry state and gradually drying it in incre-
mental stages and at the end of each stage taking measurements of suction, water
content and sample mass and dimensions. Once the sample reaches the residual
state (constant degree of saturation) the wetting up process can commence by
adding small amounts of water to the sample in incremental stages. From these
measurements both drying and wetting curves can be drawn (generally in terms
of log-suction against degree of saturation). If drying starts from a slurry, the
two curves are considered to be boundary curves (primary drying curve PDC and
primary wetting curve PWD) and any sample of the same soil is often considered
to lie inside these boundaries. However, recent research (Tsiampousi et al., 2013)
suggests that a boundary suface may be more appropriate to account for varia-
tions in specific volume, ν. This would necessitate a much greater programme of
measurements on a wider range of samples of the same soil. Usually the end of
the wetting curve differs from the starting point of the drying curve (i.e. the soil
does not return to a fully saturated state), and so the paths have a hysteretic form
(details in Section 3.4.2). If small wetting and drying cycles occur, intermediate
curves will be created inside the primary curves, which are called scanning curves.
These actually are more representative of the real state of a soil under field con-
ditions.
The shape of the Soil-Water-Retention-Curve (SWRC) is affected by many
factors such as the particle size distribution, pore size distribution, soil fabric, soil
texture and the drying and wetting processes. Typical SWRCs for sandy, silty
and clayey materials with uniform pore size distributions are shown in Figure 3.6.
In general increased clay content results in greater moisture retention at any par-
ticular suction. In a sandy soil, the pores are relatively large and empty at a given
suction with a negligible amount of water remaining.
A number of parameters can be defined from the SWRC such as the desatu-
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Initial residual 
degree of saturation
Figure 3.5: Definition of variables associated with the soil-water-retention-curve
(Fredlund and Rahardjo, 1993).
ration point, air-entry value (AEV) and initial residual degree of saturation (the
start of the residual stage, Figure 3.5).
3.4.1 General behaviour of the SWRC
A numbers of observations can be made from the typical form of the SWRC shown
in Figures 3.6 and 3.7:
- the slope of the PDC decreases with increasing clay content.
- samples with higher clay content have greater AEV;
- remoulded or intact samples should lie between the PDC and PWC and their
paths are represented by scanning curves which should not cross these boundaries.
The desaturation point can be defined as the suction at which air starts to enter
into a soil, usually from the air boundary, which still has a high degree of satu-
ration. As the degree of saturation reduces, the air-entry value (AEV) of a soil
is approached at which point the air is in the form of occluded bubbles within
the water phase. The AEV depends on the pore size thus the finer the soil, the
smaller the pore size and the higher the AEV. The AEV commonly occurs at high
degrees of saturation ranging from 90% to 100%. Graphically the AEV can be
determined from the intersection of the straight sloping line and the line from the
initial saturation (Sr=100 %). The starting of the residual stage generally occurs
when the suction is in the range of 500 to 1500 kPa for clay with low plasticity
and is lower for sands and silts. For medium to high plasticity clays the start of
the residual stage occurs at suctions greater than 1500 kPa. In some intact highly
plastic clays, it is difficult to define the start of the residual stage on the SWRC.
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 Figure 3.6: SWRC for sandy, silty, and clayey soils (Standing et al., 2013).
There are a number of ‘parameters’ (in reality experimental constants) that need
to be identified when the SWRC is to be simulated using mathematical models
that are usually used to fit the experimental data. These ‘parameters’ are esti-
mated from the plotting of degree of saturation against the suction and are defined
below and are shown in Figures 3.6 and 3.7.
Se, the effective degree of saturation, can be expressed as a function of current
degree of saturation at any particular suction (i.e. the ratio between volume of
water and the volume of voids), Sr, and terminal residual degree of saturation (is
the degree of saturation at which the curve is almost flat), Sf , as follows:
Se =
Sr − Sf
1− Sf (3.3)
There is an alternative method for estimating the effective degree of saturation
(Brooks and Corey, 1964), as given in the following equation:
Se = [
(ua − uw)AEV
(ua − uw) ]
λp
(3.4)
where
(ua − uw) is the matrix suction at any point on the SWRC,
(ua − uw)AEV is the matrix suction at the AEV;
λp is the pore size distribution index, defined as the negative slope of the effective
degree of saturation, Se, plotted against matrix suction (see Figure 3.7(b)).
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 Figure 3.7: Determination of the final residual degree of saturation and pore size
distribution index, (a) degree of saturation versus matrix suction and (b) effec-
tive degree of saturation versus matrix suction relationships (Melgarejo Corredor,
2004).
The value of Se depends on the uniformity of pore size, the more uniform the
distribution of pore sizes in a soil, the larger value of λp and so well graded soils
have small values of λp.
The effective degree of saturation can also be estimated by using volumetric water
content. Fredlund and Morgenstern (1977) proposed that the SWRC expressed
in terms of volumetric water content can be visualized as an indication of the
configuration of the water filled pores. The parameters of the SWRC in terms of
volumetric water content and effective degree of saturation can be written as:
Se =
θw − θwf
θws − θwf (3.5)
where
θw = volumetric water content at any point;
θws = volumetric water content at saturation;
θwf = volumetric water content at terminal residual condition.
In this research Equation 3.4 was adopted for determining Se in order to quantify
the SWRC using van Genuchten expression as described in Section 7.5.
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3.4.2 Hydraulic hysteresis in the Soil-Water-Retention-Curve
In general terms, an increase in matrix or total suction during drying process will
be accompanied by a reduction in degree of saturation (or volumetric/gravitational
moisture content). Physically this reduction during the drying process occurs as
inter-particle pores are progressive emptied. Conversely, during a wetting pro-
cess, as the degree of saturation (or volumetric/gravitational moisture content)
increases the matrix or total suction decreases. However, if drying to a certain
point on the SWRC is followed by wetting, the wetting path does not retrace the
drying path but lies below it and so is hysteretic. The SWRC shown in Figure
3.5 illustrates the hydraulic hysteresis that occurs and Figure 3.8 gives commonly
used definitions associated with the phenomenon and shows how it occurs with
scanning as well as primary curves. The reason behind hydraulic hysteresis has
been explained by many scientists. When a given void is partially emptied of
water during a drying path, the radius of the water meniscus is smaller compared
with that of water to the same void on wetting path (the smaller the radius of
curvature, the higher matrix suction, Equation 3.1).
The phenomenon of hydraulic hysteresis in a partly saturated soil can be ex-
plained by any one of these different causes.
Hillel (1998) suggested the following reasons.
1. Geometrical effects associated with non-uniformity of pore size distribution,
often referred to as the “ink-bottle” effect (Figure 3.9 (a)).
2. The effect of the contact angle between the natural liquid phase and the
soil surface, which is related to the difference between drying and wetting
contact angles at the soil particle-pore water interface (Figure 3.9 (b)).
3. The encapsulation of air in pores, which constitute pseudo-particles and will
resist the amount of water flow during wetting (the water will flow through
the pores filled with water).
4. Swelling and shrinkage phenomena, which will change the soil structure dur-
ing both dying and wetting stages.
In general, during drying from saturated conditions, clay soils can remain sat-
urated even at high values of matrix/total suction. Conversely, the same soil after
drying and rewetting can remain partially saturated even at very small suctions.
Melgarejo Corredor (2004) determined the SWRC from two reconstituted samples
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of Weald clay obtained from Gatwick (Figure 3.10). On drying, the soil remained
saturated until the suction reached about 1000 kPa (i.e. the AEV is about 1000
kPa); on subsequent wetting even at small suctions the wetting curve does not
join the drying curve and the soil remains partly saturated at about 20 kPa with
a degree of saturation of around 95 %. Figure 3.10 clearly shows the effect of
hydraulic hysteresis on the SWRC.
Melgarejo Corredor (2004) reported other factors that influence the SWRC in the
drying and wetting processes. She noted that in the wetting process, when water
is added to the soil, small pores fill first, followed by successively larger and larger
pores until all pores that can be filled are filled and the matrix suction is zero.
In the drying process, pores will begin to empty generally from larger to small.
However, liquid water may be trapped in large pores in such a way that they will
not empty in the order that they filled.
Koorevaar et al. (1983) and Childs (1969) also defined the hysteresis phe-
nomenon and they gave almost the same reasons reported by Hillel (1998). Koore-
vaar et al. (1983) also noticed that during wetting usually some air is entrapped
which keeps the water content lower than it could be. It was found that clays can
change water content while remaining saturated and hysteresis can be caused by
different arrangements of the clay particles during drying and wetting processes.
Childs (1969) also reported that during wetting, if a large pore is entirely sur-
rounded by smaller pores, these latter will fill first at relatively high suctions so
that the air in the large pore becomes an isolated bubble. When the suction is
relaxed to the value at which this large pore should refill, there will be no entry
of water because the air cannot escape. Thus when the suction is relaxed to zero,
at which stage the soil should be saturated, complete saturation will usually fail
to occur because of such air imprisonment. It is for this reason that the starting
point of drying stage does not coincide with the ending point of the drying stage.
Childs (1969) also noticed that during the wetting process, if the wetting were to
be interrupted at some intermediate point on the wetting curve, and the suction
increased, the last pores to be filled would all be the first to empty again and
would all empty at a common increased suction, after which smaller pores would
empty in the reverse order of filling.
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 Figure 3.8: Commonly used definitions for SWRC paths and illustrations of soil-
water hysteresis (Fredlund and Morgenstern, 1977).
dryingwetting
(a)
 
(b)
Figure 3.9: The two main causes for hysteresis in soils with rigid particles; (a)
capillary tube model for demonstrating ink bottle effect, (b) water droplet on
inclined surface illustrating the contact angle effect (Lu and Likos, 2004).
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 Figure 3.10: SWRC for Weald Clay sample A and B (Melgarejo Corredor, 2004).
3.4.3 Errors in experimental SWRC measurements
During drying and wetting measurements to determine SWRCs, it is inevitable
that some basic errors occur. Suction is the parameter common to all the repre-
sentations of the SWRC. The SWRC is generated by drying and wetting a sample
and the errors could come from a number of sources.
1. Suction, using the filter paper method (weight of filter papers wet and dry
to determine their water content).
2. Sample volume, by measuring the sample diameter and height at different
positions and taking an average.
3. Sample mass, with a weighing scale.
4. Cracking, is one of the major causes of inaccuracy in measuring volume
change of the samples. When cracking occurs, both the dimensions and
suction value changes.
The errors made during these measurements affect the determination of gravi-
metric and volumetric water content, void ratio, degree of saturation and suction
(especially when the filter paper is trimmed down to fit samples with small size).
Melgarejo Corredor (2004) investigated potential errors in her experimental mea-
surements and she assessed to what degree they might influence the scatter of
data on the SWRCs formulated for the soils she investigated. She calculated the
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Table 3.3: Estimated error ranges for variables used to express the SWRC (Mel-
garejo Corredor, 2004)
Variables Approximate value Estimated
error range
(maxi-
mum)
Suction,ψ High (14,000 kPa)
Mid (1300 kPa)
Low (70 kPa)
600kPa
60kPa
1kPa
Gravimetric water
content, w/c
Mid to high (37%) 0.1%
Volumetric water con-
tent, θw
Mid to high (48%) 0.3%
Void ratio, e Mid to high (1.02) 0.01
Degree of saturation,
Sr
Mid to high (97%) 1%
upper and lower limits of ranges of values for the variables used such as suction,
volumetric water content, degree of saturation and void ratio. A summary of error
ranges for the variables used to express the SWRC is given in Table 3.3.
3.5 Shrinkage behaviour
Tempany (1917) was the first to discover and report the relation between shrinkage
and water loss and the influence of clay content on shrinkage behaviour. He
also proposed and explained the existence of a shrinkage phase (while the soil
remains fully saturated during drying), where the volume reduction of the sample
is equal to the water volume evaporated at the sample boundary. This contractant
phase initially takes place without any inhibition from internal friction between
particles. With continuing drying, the soil reaches a point at which it starts to
develop interparticle friction, resisting the shrinkage (Tempany, 1917). Eventually
the soil desaturates and air enters the void phase, initially as occluded bubbles,
with continuous air phases forming with continued drying. The water content at
which the soil stops contracting is the shrinkage limit. There are many models of
soil-shrinkage, a commonly expressed relationship is that between the gravimetric
water content and void ratio (see Figure 3.11).
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 Figure 3.11: shrinkage characteristics of a clay soil (Bronswijk, 1988).
n.b. moisture ratio≡ gravimetric water content.
3.5.1 Shrinkage characteristics of clayey soils
When a saturated clay is subjected to evaporation, it experiences a continuous
decrease in water content, and negative pore pressures (suctions) develop in the
porous network of the soil. If the soil is unrestrained and remains fully saturated,
the developed suctions impose an increase in effective stresses which produces a
decrease in the soil volume by consolidation. The relationship between moisture
content and void ratio has been presented to describe the shrinkage characteristic.
Figure 3.11 shows a typical shrinkage curve for a soil with high clay content.
During the drying process, the soil goes through three stages (Figure 3.11). In the
first stage, the volume decrease of the soil (∆V ) is equal to the moisture loss (∆Vw)
and soil remains saturated over a wide range of moisture content. The second stage
starts when the capillary tension (matrix suction) reaches the air entry pressure
(AEV ). As the air enters into the soil pores, further moisture loss occurs and the
liquid phase becomes more discontinuous. In this stage the volume decrease is less
than the moisture loss (∆V<∆Vw) and the shrinkage curve becomes progressively
horizontal. In the third stage which is called the zero shrinkage stage, there is no
change in volume so the moisture loss (∆Vw) is equal to the increase in the soil
air volume (∆Va).
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3.5.2 Shrinkage phenomena
3.5.2.1 General concepts of shrinkage
Marinho (1994) reported that the capacity of a soil to shrink depends on factors
such as the soil type, mineralogical composition, soil structure and initial and fi-
nal water content. In-situ shrinkage usually occurs by water evaporation from the
ground surface, by evapotranspiration by plants and pumping. Marinho (1994)
mentioned that the reduction in volume during shrinkage is similar to the reduc-
tion in volume due to mechanical compression, provided the soil remains saturated
or near saturated. Head and Epps (1986) described how particles hold the water,
defining five categories as shown in Figure 3.12. These categories are describes as
follows.
(i) Zone (1) represents adsorbed water and it cannot be removed by oven drying
at 110 ◦C. It is considered to be part of the soil particle.
(ii) Absorbed water in zone (2) can be removed by oven drying. Adsorbed and
absorbed water are primarily found in clay soils and are generally not present
in coarser silts and sands.
(iii) Zone (3) water is held by surface tension and can be removed by air drying at
standard laboratory temperature. It is referred to as capillary or meniscus
water.
(iv) Zone (4) water can be removed by drainage and is called gravitational/bulk
water.
(v) The water in zone (5) is chemically combined with the clay mineral. It is
the water of hydration of the crystal structure. This water is usually not
removable, except for gypsum and some tropical clays.
British Standard Institution (1990) suggested that a useful way of representing
the shrinkage phenomena is to plot the volume per 100 g of dry soil against water
content as shown in Figure 3.13. The segment AB is the normal shrinkage, where
the loss of water is equal to the volume of sample contraction (c.f. stage I in Fig-
ure 3.11). The volume change resulting from the increase in suction is similar to
that from mechanical compression. At point B air enters the sample and is called
the desaturation point for an initially saturated soil (c.f. start of stage II). Point
C represents the shrinkage limit which is defined by British Standard Institution
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Block sample
Figure 3.12: Representation of categories of water surrounding clay particles (Head
and Epps, 1986).
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Figure 3.13: Drying phenomena - shrinkage curves (British Standard Institution,
1990).
(1990) as the intersection of the line AB and the horizontal line passing through
point D.
3.6 Desiccation crack phenomena
3.6.1 Background
Availability of materials is an important consideration in the design of structures
formed from compacted fills. Suitable materials are not always available near the
site, and it would be very costly to transport soil for use in embankment con-
struction. Using local materials for embankment should always be investigated.
One of the main problems of using soils as a construction material is that cracking
can occur during drying. The larg shrinkage behaviour of very plastic soil, during
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drying, results in cracks that can affect the long-term performance of soil when
used as a construction material.
Baker (1981) and Bagge (1985) described how the presence of tension cracks in-
fluences the stability of natural slopes and vertical cuttings, as well as the bearing
capacity of foundations. Cracks may also cause bypassing of water flow which
can lead to dam failure as has been reported in Stockton Green and Wister dams
(Casagrande et al., 1973).
Understanding desiccation crack phenomena is very complicated process. Many
scientists have developed models to help understand the behaviour behind crack
evolution.
3.6.2 Theoretical relationships
Bronswijk (1988, 1991) developed a theoretical relationship between vertical soil
movement and water content changes in clayey soils subjected to desiccation. His
model is valid once the crack spacing is known. It cannot be used to determine
the crack spacing for a given soil and given boundary conditions.
Morris et al. (1992) developed a theoretical relationship between the depth of
cracks, the properties of the soil and a given suction profile. Their model depends
on three different approaches which are: (1) based on linear elasticity; (2) based
on the theory of linear elastic fracture mechanics (LEFM); and (3) associating
cracking with shear failure. All three models consider that the soil subjected to
cracking is unsaturated and that the soil properties are related to the change in
matrix suction (ua-uw) and the total stress changes relative to the air pressure (σ-
ua). Most researchers have shown that surface cracking is initiated during stage
(I) (Figure 3.11) under saturated conditions, as shown in Figure 3.14.
Konrad and Ayad (1997) noted that the equations developed by Morris et al.
(1992) are not acceptable for the prediction of crack initiation and initial depth
of propagation. However, during the drying process, further evaporation occurs
and once the moisture content of the surface layer falls below a critical value, sec-
ondary cracks may be initiated in unsaturated soils. Then the equation proposed
by Morris et al. can be used to predict the onset of secondary cracking and the
depth of the cracks.
Abu-Hejleh and Znidarcic (1995) presented a new desiccation theory for soft fine
grained waste soils. The model considers consolidation under one-dimensional
compression; desiccation under one-dimensional shrinkage; propagation of vertical
cracks; and desiccation under three-dimensional shrinkage. In their model, they
consider that the cracks initiate when the total stress at any point is equal to the
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 Figure 3.14: Stress at crack tip for the opening mode (mode I) (Konrad and Ayad,
1997).
tensile strength of soil and volume change during three-dimensional desiccation is
calculated for a soil element with a unit initial area and a unit solid volume.
Konrad and Ayad (1997) also developed a model in which a soil is subjected to
a surface evaporation conditions variable with time (Figure 3.15). They assumed
that the basic soil properties (related to the hydraulic and mechanical characteris-
tics) should be known from experimental tests. They considered in their model a
horizontal soil surface over which the evaporation started at t=0. After a certain
time t1, the soil is subjected to suction and capillary consolidation leading to verti-
cal compression, i.e. settlements (Figure 3.15b). In this model they assumed that
lateral strain cannot occur and that the cracks occur at the soil surface only when
the total horizontal stress acting on the soil surface reaches the tensile strength
of the soil, σt (Figure 3.15 c). At crack initiation, the suction acting on a soil
element adjacent to the surface has reached a critical value, ψcr. From this point,
the depth of crack propagation for the existing total stress conditions is governed
by the suction and the effective stress path during desiccation is evaluated from
linear elastic fracture mechanics theory. Crack initiation at the soil surface occurs
when the total minor principal stress at the soil surface (σ3) reaches the tensile
stress (σt).
σ3 = −σt (3.6)
The critical suction (ψcr) at which cracking is initiated depends on the ten-
sile strength of the soil, the initial stress state, and the total and effective stress
paths followed by a soil element at the surface the desiccation process and the
stress history of the soil (Abu-Hejleh and Znidarcic, 1995). Because of the com-
plex relationship between total stress, suction, and soil stress history, Konrad and
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 Figure 3.15: Schematic illustration of process of cracking (Konrad and Ayad,
1997).
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 Figure 3.16: Critical suction at crack initiation for a slurried soil subjected to
desiccation (Konrad and Ayad, 1997).
Ayad (1997) proposed to use either a slurried soil deposit for which the initial
total stresses at the surface are equal to zero or an intact soil that has never been
subjected to any shrinkage-swelling or freezing-thawing cycles. Konrad and Ayad
(1997) generated a stress path for a slurried soil during desiccation and described
their model as starting from the stress state of a slurried soil at point ‘O’ as shown
in Figure 3.16. During evaporation, the water pressure becomes progressively neg-
ative and the soil consolidates under a condition of zero lateral strain (path OF ′).
Slurried soil stress path
Konrad and Ayad (1997) reported that the total stress state follows the σv=0
line while the effective stress moves along the K0nc line relating to the normally
consolidated state. Surface cracks are initiated when the minor total stress σ3
reaches the tensile strength of the consolidated slurry, σt (point F in Figure 3.16).
The critical suction, ψcr, is given by the distance FF
′ in Figure 3.16. The value
of ψcr needed to initiate cracking at a surface of a slurried soil depends on both
the soil tensile strength value, σt , and the angle of internal shearing resistance
φ′. To estimate the critical suction, assuming that Konc can be approximated by
(1-sinφ′), the following relation is proposed by them.
ψcr =
σt
sinφ′
(3.7)
According to Blight (1988), surface drying has the effect of considerably reduc-
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 Figure 3.17: Shrinkage curve for China clay (Abu-Hejleh and Znidarcic, 1995).
ing the void ratio of the deposited slurry materials. Most of the available models
for the analysis of desiccation of soft soils are empirical or semi-empirical and
within the literature, few models consider three-dimensional shrinkage. Because
of the complicated phenomena associated with desiccation most researchers have
developed their models based on one-dimensional shrinkage. For example, the
Bronswijk (1988) model might be applicable only for relatively stiff soils, where
small strains occur and the changes in the total vertical stress are negligible. These
conditions are unjustified for modelling three-dimensional shrinkage of soft fine-
grained soils. Several assumptions are necessary in order to proceed with the
analysis for solving this complex problem and to provide a practical approach for
the analysis of soft soils.
3.7 Mechanical behaviour of partly saturated soils
and constitutive models
The mechanical behaviour of partly saturated soils and their modelling have been
extensively investigated over the past two to three decades. The literature from
this former research will be briefly summarized with an emphasis on the behaviour
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of expansive soils. Detailed reviews on the subject have been given by Wheeler
and Karube (1996), Gens (2010), and Sheng (2011).
3.7.1 Stress state variables
Bishop (1959) proposed a relationship for effective stress, σ′, for partly saturated
soils which is a combination between total stress, σ, pore air pressure, ua, and
pore water pressure, uw, as follows:
σ′ = (σ − ua) + χ(ua − uw) (3.8)
where χ is a function of degree of saturation, Sr. Jennings and Burland (1962)
showed that Bishop’s relationship does not fully represent the behaviour of partly
saturated soil, especially the volumetric response. Subsequently, several authors
such as Fredlund and Morgenstern (1977) proposed that more than one stress
state variable, such as effective stress, is needed to define the response of an
unsaturated soil. They showed that any two of the three independent stress state
variables given below are sufficient to describe the behaviour of an unsaturated
soil:
matrix suction,
s = (ua − uw) (3.9)
net stress,
σnet = (σ − ua) (3.10)
effective stress,
σ′ = (σ − uw) (3.11)
3.7.2 Isotropic compression and yielding
A change in the volume of an unsaturated soil may occur as a result of either a
change in the applied suction or in the applied total stress. In this section, the
volumetric behaviour due to changes in (i) isotropic loading at constant suction is
first considered then (ii) suction at constant isotropic loading.
3.7.2.1 Isotropic loading at constant suction
Alonso et al. (1990) noted that a partly saturated soil may either collapse or
expand upon wetting depending on the magnitude of confining stress. If the
51
vertical stress is sufficiently low, expansion occurs and if it is sufficiently high,
collapse takes place. If a soil is compacted, this may induce an open structure
and cause a decrease in the suction, for a certain level of confining stress, at which
irrecoverable volumetric compression (collapse) occurs on wetting. As the level
of confining stress increases, the amount of collapse increases up to a maximum
value. Alonso et al. (1990), in their model, introduced the concept of the load-
collapse (LC) yield curve, the position of which depends on the assumed response
to isotropic loading of two samples at different suctions with s = 0 being considered
as the saturated case (see Figure 3.18).
Wheeler and Sivakumar (1995) investigated the behaviour of statically com-
pacted samples of speswhite kaolin when subjected to isotropic loading at constant
suction in the triaxial apparatus. The samples were loaded isotropically at con-
stant suctions of 0, 100 kPa, 200 kPa, and 300 kPa as shown in Figure 3.19. The
increase in yield stress with suction is evident in Figure 3.19(b). They also reported
that, as shown in Figure 3.19(b), the intercept N(s) of the normal compression
line increased with increasing suction while the slope, λ(s), showed relatively little
variation with suction, s, until there was a significant drop when s was reduced
to zero. However, conversely Alonso et al. (1990) noted a decrease of λ(s) with
increasing suction.
Gens (2010) developed the model in Figure 3.20(a), based on the results of Alonso
et al. (1990), where idealised results of consolidation tests under different values of
constant suction are considered. In this model he showed the relation between the
normal consolidations lines at various suction values and the obtained shape of the
load-collapse (LC) yield curve (see Figure 3.20). The form of this curve is the same
as that presented by Wheeler and Sivakumar (1995) in Figure 3.19(c). He noted
from his model that the yield point is located beyond the saturated consolidation
line (line of s=0) and moves further to the right as suction increases, establishing
that the higher the suction the higher is the stress that can be sustained before
yielding occurs.
Rampino et al. (2000) showed that, as shown in Figure 3.21, the slope of the
normal consolidation line is significantly affected by the suction level. They found
that the swelling index, κ, exhibits a small decrease with an increase in suction
(Figure 3.21). Historically, many researchers have commonly assumed that κ is
independent of suction. On the other hand, the compressibility coefficient, λ, ex-
hibits a significant decrease with increasing suction, in contrast with findings from
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 (a)
 
(b)
Figure 3.18: (a) Compression curves for saturated and unsaturated soil, (b) the
Load-Collapse curve (LC) and yield points in the isotropic plane (Alonso et al.,
1990).
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(b)
 
(c)
Figure 3.19: Data from triaxial tests on compacted kaolin (a) stress paths, (b)
variation of specific volume during consolidation and (c) Load-Collapse curves
(LC) and yield points (Wheeler and Sivakumar, 1995).
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 (a)
 
(b)
Figure 3.20: (a) Idealised consolidation lines at different suction values, (b) def-
inition of the Load-Collapse curve (LC) and yield points in the isotropic plane
(Gens, 2010).
 Figure 3.21: Influence of suction on the coefficient of compressibility, λ, and κ
(Rampino et al., 2000).
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other authors such as Wheeler and Sivakumar (1995), who report an increase in
λ with suction (Figure 3.19(b)).
3.7.2.2 Changes in suction at constant confining isotropic stress
In the case of drying at constant confining stress, at lower levels of suction, when
the soil is in a fully saturated state, the total volume change is equal to the
pore water volume change. Alonso et al. (1990) report that once a soil exceeds
a maximum previously attained value of suction, so, irreversible strains will be-
gin to develop and the elastic zone lies between the suction increase (SI) and the
load-collapse (LC) yield curves (Figure 3.22). Alonso et al. (1995) investigated a
highly expansive clay (Boom clay) in a controlled-suction oedometer and found
that during the first wetting (path c1 in Figure 3.23), as the suction decreased
there was initially swelling followed by collapse compression. Subsequent cycles
of drying and wetting showed a significant irreversible volumetric response during
drying of wetting-drying cycles (paths c2 and c4). The magnitude the irreversible
component of compression was greatest in the first drying path (c2).
Sharma (1998) performed triaxial tests on compacted bentonite-kaolin samples
under isotropic stress conditions. One such sample was subjected to wetting and
drying and the results in terms of specific volume and degree of saturation are
presented in Figure 3.24. Swelling occurred during path a-b and compression
during drying path b-c (Figure 3.24(a)). Figure 3.24(b) shows the corresponding
variation of degree of saturation. The figure indicates the occurrence of hydraulic
hysteresis with a greater change in degree of saturation during wetting stage com-
pared with the reduction during drying. Another observation from Figure 3.24(a)
is that the magnitude of compression during drying was significantly larger than
that of swelling during wetting.
3.7.3 Constitutive models for non-expansive soils
3.7.3.1 Introduction
Several elasto-plastic constitutive models for unsaturated soils have been devel-
oped in the past two decades: Alonso et al. (1990); Wheeler and Sivakumar (1995);
Wheeler et al. (2003); Gens (2010); and Sheng (2011). The Barcelona Basic Model
(BBM), proposed by Alonso et al.(1990), was the first of the elasto-plastic mod-
els. It is the most commonly used model especially in finite element codes and
applications to real problems in geotechnical engineering (e.g. Georgiadis, 2003).
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 (a)
 
(b)
Figure 3.22: Fully enclosed quasi-elastic region (a) definition of yield suction so,
(b) Load-collapse (LC) and suction increase (SI) yield curves (Alonso et al., 1990).
 
Figure 3.23: Wetting-drying cycles on Boom clay (Alonso et al., 1990).
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 (a)
 
(b)
Figure 3.24: Wetting-drying cycle on compacted bentonite-kaolin in terms of suc-
tion versus (a) specific volume, (b) degree of saturation (Sharma, 1998).
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The BBM is most applicable to the behaviour of non-expansive and moderately
expansive soils.
3.7.3.2 The Barcelona Basic Model (BBM)
Alonso et al. (1990) proposed a mathematical relationship, that involves unsat-
urated constitutive parameters, in order to measure the stress-strain response of
a soil. They considered isotropic compression tests at constant levels of suction
in their model as shown in Figure 3.18. The BBM assumed a linear relationship
between specific volume, ν, with net mean stress, p¯=σm − ua load increment ac-
cording to Equation 3.12 (where σm is mean stress). The main feature of this
model is the yield line, named the Load-Collapse (LC) yield curve, that describes
the onset of irreversible compressive volumetric strains for any stress path which
implies either an increment of vertical stress, decrement of suction or both (Alonso
et al., 1987) (see Figure 3.20). This yield curve distinguishes between quasi-elastic
and plastic compression behaviour.
ν = N(s)− λ(s)ln p
pc
(3.12)
where pc is a reference stress state for which ν = N(s). On unloading and reloading
at a certain level of suction, the volumetric change is given by:
dν = −κdp
p
(3.13)
In Figure 3.18, if a sample follows path 1-2-3 starting from pc the final specific
volume at point 3 can calculated from Equation 3.13.
ν3 = ν1 +∆νp +∆νs (3.14)
The suction unloading (wetting) point point 2 to 3 occurs in the elastic zone so a
reversible swelling ∆νs takes place which can be calculated from Equation 3.13.
dν = −κ ds
(s+ pat)
(3.15)
where pat is atmospheric pressure (added to s to avoid infinite value when s is close
to zero). On substituting Equations 3.12, 3.13, and 3.15 into equation 3.14:
N(s)− λ(s)lnpo
pc
+ κln
po
po∗
+ κsln
s+ pat
pat
= N(0)− λ(0)lnpo
∗
pc
(3.16)
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 Figure 3.25: Derivation of LC yield curve equation (Wheeler and Sivakumar,
1995).
where po
∗ is the saturated preconsolidation stress and N(s), λ(s), κ and κs are soil
parameters. To simplify Equation 3.15, the model assumes from Figure 3.18(a)
the following:
∆ν(pc) = N(0)−N(s) = κslns+ pat
pat
(3.17)
or
N(s) = N(0)− κslns+ pat
pat
(3.18)
When Equation 3.18 is introduced into Equation 3.16, the following relationship
is obtained.
(
po
pc
) = (
po
∗
pc
)
[λ(0)−κ]
[λ(s)−κ] (3.19)
Alonso et al. (1990) noted that this equation defines a set of yield po values for
each associated suction and it explains not only the apparent increase in suction
but also the collapse phenomena in wetting paths. For this reason the yield curves
were named LC (load-collapse) yield curves. The model assumes an increase in
stiffness with increasing suction, from this assumption the slope of the compression
line in terms of suction is given by:
λ(s) = λ(0)[(1− r)exp(−βs) + r] (3.20)
where r is a constant relative to the maximum stiffness of the soil (when s→∞,
r = λ(s→∞)
λ(0)
), and β is a parameter which controls the rate of increase of soil
stiffness with suction.
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The quasi-elastic region is fully enclosed by two yield lines as proposed by
Alonso (1990) (Figure 3.22). The first yield line, as mentioned before, is the
LC yield curve and the second one is the yield line (onset of deformation due to
suction) due to suction only, known as the Suction Increase (SI) line as shown in
Figure 3.22(b).
3.7.3.3 Wheeler and Sivakumar’s model
Wheeler and Sivakumar (1995) proposed a model similar to that of Alonso et
al (1990). They determine experimentally the shape of the normal compression
lines for different suction levels and so estimate the values of N(s) and λ(s) for
different suctions and then accordingly define the shape of yield surface based
on these values. In the BBM it is necessary to calculate both λ(s) and N(s)
values. As noted earlier, Alonso et al (1990) assumed the slope of compression
line, λ(s), to decrease with increasing suction (Figure 3.18(a)) while Wheeler and
Sivakumar (1995) found from experiments on statically compacted kaolin, the
opposite behaviour (Figure 3.19(b)). Wheeler and Sivakumar (1995) therefore
defined the LC yield line depending on the model shown in Figure 3.25. They
assumed that the stress path moving from point A on the zero suction line and at
a mean net stress po(0) (Figure 3.25(a)) to point C on the s suction line and net
stress po. If the stress path moves from A to C through point B, the corresponding
change of specific volume, ∆ν, can be calculated from either one of the following
equations.
∆ν = −κsln(s+ pat
pat
)− κln( po
po(0)
) (3.21)
where κ and κs are the two elastic swelling indices with respect to stress, p, and
suction, s, respectively, or by:
∆ν = N(s)− λ(s)ln( po
pat
)−N(0) + λ(0)ln(po(0)
pat
) (3.22)
where N(0) and λ(0) are the intercept and the slope of compression line respec-
tively at zero suction and N(s) and λ(s) are the intercept and the slope of com-
pression line respectively at suctions.
Rearranging Equations 3.21 and 3.22 gives an equation for the shape of the LC
yield curve.
κsln(
s+ pat
pat
) +N(s)−N(0) + (λ(0)− κ)ln(po(0)
pat
) = (λ(s)− κ)ln( po
pat
) (3.23)
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3.7.4 Constitutive models for expansive soils
3.7.4.1 Introduction
There are considerable difficulties in modelling expansive soils, especially when
dealing with large strains within the quasi-elastic zone when the samples are wet-
ted up. For instance, data presented by Justo et al. (1984), clearly show that
wetting followed by loading will give larger strains than loading followed by wet-
ting for the same levels of stress and suction (referred to again later in Figure
6.6). With respect to this behaviour, the models proposed by Alonso et al. (1990)
and Wheeler and Sivakumar (1995) are not able to reproduce the large swelling
strains exhibited by expansive soils. Recently many attempts have been made to
explicitly include the coupled effect of the hydraulic and mechanical components
of unsaturated soils. Two more recent constitutive models are considered: those
described by Wheeler et al. (2003) and Gallipoli et al. (2003a).
3.7.4.2 Wheeler et al. (2003) model
In order to account for the coupled effects of hydraulic and mechanical behaviour,
Wheeler et al. (2003) considered the material behaviour to be primarily dependent
on the degree of saturation. For instance, two samples of similar dry density
and magnitudes of external stress and suction but having different degrees of
saturation, are expected to exhibit different soil responses. The model proposed
by Wheeler et al. (2003) is able to incorporate the effects of changes in degree
of saturation on mechanical behaviour. The behaviour of the soil is assumed to
be controlled by two independent stress state variables: (i) Bishop’s stress, p∗,
representing the effect of total stress, pore water pressure, and pore air pressure,
as given in Equation 3.24:
p∗ = p− [Sr ∗ uw + (1− Sr)ua]; (3.24)
and (ii) the modified suction, s∗, given by the expression:
s∗ = n(ua − uw), (3.25)
where n represents the porosity. The proposed stress state variables p∗ and s∗,
have corresponding strain state incremental variables dεv and−dSr respectively.
Wheeler et al. (2003) assumed the shape of LC yield line, which marks the onset of
plastic volumetric deformations during loading, to be straight and vertical in the
s∗:p∗ plane. The reason for this assumption is that the additional stabilising force
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∆N (caused by menisci between particles) is considered to be constant whenever
meniscus water is present and to disappear when the surrounding voids are water-
filled. They argued that the value of suction within the meniscus water has very
little effect on the stability of the contact. During loading path ABC (Figure
3.26(a)), the compressive plastic volumetric strain, dεpv commences at point B
(initial yield curve LC1) and the final dε
p
v is represented by movement of LC1 to
LC2. Wheeler et al. (2003) noted that the drying or wetting processes, which are
produced by some voids emptying of or flooding with water, result in a plastic
decrease (in the case of drying) or increase (in the case of wetting) in the degree
of saturation. Figure 3.26(b) shows the effect of plastic volumetric strains on the
location of the primary drying and wetting curves. Plastic compression due to
loading, results in a decrease in voids and increase in degree of saturation. This
has the effect of shifting the primary drying and wetting curves to the right as
shown in Figure 3.26(b). This shift increases the value of s∗ at which plastic
changes of Sr develop during drying and wetting.
The onset of irreversible changes in degree of saturation, dSr, is shown by two
yield lines: which are assumed to be straight horizontal lines in the s∗:p∗ plane,
the suction decrease (SD) and the suction increase (SI) lines. Figure 3.27(b) shows
that for a drying path starting at A, plastic decreases of Sr start at point B and
on wetting from A, plastic increases of Sr commence at point D on the PWC.
Figure 3.28 shows the elastic zone for an isotropic stress state which is bounded
by LC, SI, and SD yield curves. Crossing any of these lines will result in plastic
behaviour, plastic volumetric strains are produced upon yielding on the LC (no
plastic changes in Sr), while plastic irreversible changes in the degree of saturation
are induced upon yielding on the SI and SD curves (no plastic volumetric strains).
Wheeler et al. (2003) also noted that yielding on the LC curve results in plastic
volumetric strain, which produces coupled upward movements of the SI and SD
curves. Alternatively, yielding on the SI curve causes a plastic decrease in Sr,
which produces coupled upward movement of the SD and outward movent of the
LC curves. Yielding of the SD curve results in a plastic increase in Sr, which
produces coupled downward movement of the SI curve and inward movement of
the LC curve.
Six soil parameters are required for the mathematical formulation of Wheeler et
al.’s model under an isotropic stress state: λ, λs, κ, κs, k1 and k2, where λ and
κ are the slope of the normal compression line for saturated conditions and the
slope of an elastic swelling line in v : lnp′ space respectively; λs and κs are primary
drying/wetting gradient and scanning curve gradients respectively (Figure 3.29),
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dεpv
(a)
 
(b)
Figure 3.26: Development of plastic volumetric strain due to loading: (a) direct
movement caused by change in position of the LC curve (b) effect of plastic volu-
metric strain on primary drying and wetting curves (Wheeler et al., 2003).
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dSr
p
(a)
dSr
p
(b)
Figure 3.27: SI and SD yield curves (a) direct movements caused by yielding on
SI curve and (b) Soil-Water-Retention-Curve (Wheeler et al., 2003).
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 Figure 3.28: LC, SI and SD yield curves for isotropic stress states (Wheeler et al.,
2003).
 
Figure 3.29: Model for water retention behaviour (Wheeler et al., 2003).
and k1 and k2 are coupling parameters for the movement of LC yield curve and
SI and SD yield curves respectively.
The changes in the stress variables ds∗ and dp∗ can be calculated in terms of mean
net stress, (p− ua), and suction, s, with the following equations.
ds∗ = nds− sdεν
ν
(3.26)
dp∗ = d(p− ua) + Srds+ sdSr (3.27)
In order to define the stress path in s∗ : p∗ space, Equations (3.26) and (3.27),
which involve dSr and dεv, have to be solved simultaneously with the constitutive
model equations.
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3.7.4.3 Gallipoli et al. (2003a) model
The stress state variables proposed by Gallipoli et al. (2003a) are given by Equa-
tion 3.28 and Equation 3.29. The two independent stress state variables which
include σ, ua, uw and Sr explicitly consider the effect of plastic changes in degree
of saturation upon the stress-strain behaviour of unsaturated soils. The two stress
state variables are the average skeleton stress (Jommi, 1996) equivalent to the
Bishop’s stress.
σ∗ = σ − [ua − Sr(ua − uw)], (3.28)
and a bonding variable
ξ = f(s)(1− Sr) (3.29)
which represents the magnitude of bonding due to meniscus effects between par-
ticles. In Equation 3.29, f(s) gives the intensity of the normal interparticle force,
Ns, and (1− Sr) represents the number of water menisci per unit volume of solid
fraction. Gallipoli et al. (2003a) noted that the variable ξ represents the interpar-
ticle forces and during virgin loading of an unsaturated soil, the ratio e/es at the
same average skeleton stress state is a unique function of the bonding variable ξ,
where e is the void ratio in unsaturated states and es is the void ratio in saturated
conditions. They proposed a model equation that fits their data shown in Figure
3.30 as follows.
e
es
= 1− a[1− exp(bξ)] (3.30)
where a and b are experimental fitting parameters. At full saturation, ξ is equal
to zero and e/es becomes 1.0.
The normal compression state surface was defined as the product of two factors:
e/es(ξ) and es(p
′′), where e/es(ξ) is given by Equation 3.30 and es(p′′) is the satu-
rated normal compression line (NCL) which is given by the following expression.
es(p
′′) = N − λlnp′′ (3.31)
where N and λ are the intercept at p′′=1.0 kPa and the slope of saturated NCL
respectively. Therefore the normal compression state surface, e(p′′, ξ), is expressed
as:
e(p′′, ξ) =
e
es
(ξ)es(p
′′) (3.32)
Gallipoli et al. (2003a) also noted that elastic changes in void ratio are assumed
to be dependent on the change of the isotropic average skeleton stress, p′′ and are
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 (a)
 
(b)
Figure 3.30: Relationship between ratio e/es and bonding factor ξ during isotropic
virgin loading at constant suction (a) data by Sharma (1998) and (b) data by
Sivakumar (Gallipoli et al., 2003a).
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independent of changes of the bonding factor ξ.
In order to complete the model and to incorporate the effect of hydraulic hysteresis
and plastic changes in void ratio, Gallipoli et al. (2003a) suggested the use of
models proposed by Vaunat et al. (2000) and Gallipoli et al. (2003b).
Both the models proposed by Vaunat et al. (2000) and Wheeler et al. (2003)
do not give a full representation able to deal with expansive and non-expansive
soils. However, the model proposed by Gallipoli et al. (2003a) has the capability to
predict the following aspects of unsaturated soil behaviour, which are not modelled
by BBM type:
(a) the irreversible change in void ratio during loading;
(b) the effect of the previous history of suction variation on the response during
isotropic loading at constant suction.
In order to use this model, the relation between e/es and ξ is the only information
required, in addition to the parameters N , λ and κ which correspond to full
saturation conditions.
3.8 Summary and conclusions
The behaviour of unsaturated soils differs significantly from the behaviour of satu-
rated soils. A partly saturated soil is a complex multi-phase system whose response
is a function of the stress state and moisture condition.
Soil suction is a result of menisci forces and physio-chemical action. Soil suction
is categorized into two components, matrix suction (related to capillary action)
and osmotic suction (related to the present of salts). The total suction is the
summation of the components of osmotic suction and the matrix suction. There
are many techniques to measure soil suction, some of them are direct measure-
ment while others are indirect measurements. For the research discussed in this
thesis the indirect method of suction measurement were filter paper technique and
suction probe (used within the osmotic oedometer apparatus).
Many researchers have investigated coupling the hydro-mechanical behaviour
of unsaturated soils including the Soil-Water-Retention-Curve (SWRC). The SWRC
is usually plotted as a relation between degree of saturation and logarithm of suc-
tion. The main feature of the SWRC is that the wetting path does not follow the
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drying path but lies below it and so is hysteretic.
Shrinkage and crack phenomena depend on factors such as soil type, miner-
alogical composition, soil structure and change in moisture content. Soil shrinkage
behaviour can be represented by a relationship between change in moisture con-
tent and void ratio. Cracking during drying is a very complicated phenomenon to
investigate. Many researchers developed models based on a theoretical relation-
ship between volume change and water content change in clayey soils subjected
to desiccation to investigate when cracks initiate. At crack initiation, the suction
acting on a soil element adjacent to the surface is a critical suction value. In
Chapter 7 the critical suction value was estimated experimentally for both the
black and red soils used in this research.
Two independent stress state variables are required to explain the behaviour
of unsaturated soils. Changes in the volume of unsaturated soils may occur as a
result of either a change in suction or changes in applied total stress. Wetting at
a constant confining stress may cause either swelling or collapse depending on the
constant stress level applied. The suction level affects the compressibility of the
soil when isotropically loading at constant suction. Increasing suction leads to an
increase in the yield stress and this increase in yield stress defines the load-collapse
curve when plotting in suction-net mean stress space.
Several elasto-plastic constitutive models for unsaturated soils have been devel-
oped for expansive and non-expansive soils. For instance, Wheeler and Sivakumar
(1995) developed a constitutive model for non-expansive soils. In their model,
they estimate experimentally the shape of the yield surface (LC curve) which de-
pends on the soil variables such as λ(s), N(s), κ and κs. Subsequently, Gallipoli
et al. (2003a) proposed a model suitable for expansive soils. In their model, the
variables controlling the model are the average skeleton stress p′′ (Bishop’s stress)
which is defined by the net stress state, suction and degree of saturation, and the
bonding variable, ξ, which is a measure of inter-particle bonding due to water
menisci. A unique function was observed between the bonding variable, ξ, and
the ratio e/es (void ratio, e, under unsaturated conditions and the void ratio, es,
under saturated conditions) at the same average skeleton stress state. The Gal-
lipoli et al. (2003a) model is able to predict two complex aspects of behaviour: the
irreversible change of void ratio during drying and the dependence of the response
during virgin compression at constant suction on the previous history of suction
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variation.
For the research discussed in this thesis the earlier models proposed by Alonso
et al. (1990) and Wheeler and Sivakumar (1995) were used to predict the response
of the unsaturated behaviour of the black and red soils. The reasons for using
these models are discussed in Chapter 9.
71
Chapter 4
Literature review relating to
mechanical behaviour of clay soils
4.1 Introduction
The characterization and engineering properties of clays have been extensively ex-
plored over time, starting with the effective stress principle and more recently the
evolution of the critical state model.
In this chapter, developments and recent research relating to the characterization
of natural clays are reviewed. This includes, first, the origin and mineralogy of
clays and factors affecting the formation of these soils. Secondly, the behaviour of
natural soft clays is reviewed and differences between the behaviour of reconsti-
tuted and natural soft clays are highlighted. Thirdly, the strength of soft clays,
both natural and reconstituted, and stiff clays is discussed. Finally, the perme-
ability of clay and differences in flow through clays and porous media are explored.
4.1.1 Origin of clays
Clay minerals are secondary minerals reformed from the soluble products of pri-
mary minerals. The most common clay soils are silicate clays such as Illite , Kaoli-
nite, Montmorillonite and Halloysite. Generally clay soils form from a breakdown
of silicates (bedrock materials), when environmental circumstances play an import
role in forming the clay particles and their colour. Weathering can involve two
processes that lead to clay formation: disintegration, which is the physical break-
down of the rock without any chemical action and decomposition, which is the
chemical alteration of the primary minerals into secondary products (diagenesis
process). There are many factors that can affect soil formation and mineralogy.
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Some of these factors are given below.
(a) Geomorphological characteristics (topography): such as steep slopes and
drainage levels. Steep slopes allow rapid runoff and erosion of the topsoil
profile.
(b) Climate: such as temperature, rainfall and change of ground water table.
Temperature and moisture affect the rate of weathering and leaching.
(c) Time: soil formation is a time-responsive process that is dependent on other
factors. Soil is always changing with time. In other words the age of a soil
is an important factor in forming the soil.
(d) Parent rock: the material from which the soil is formed. It can be a weath-
ered primary bedrock or a secondary material transported from other loca-
tions (e.g. alluvium).
(e) Organisms: such as plants, animals, fungi, bacteria and humans affect soil
formation. Humans can impact soil formation by removing vegetation cover
resulting in increased erosion. Vegetation impacts soils in numerous ways,
e.g. by preventing erosion caused by rainfall and the resulting surface runoff.
4.1.2 Depositional environment
Geological processes play an important part in the formation and evolution of soil
structure which controls the mechanical behaviour of the soil. The structure of
a soil is a combination of fabric, the arrangement of individual soil particles and
groups of soil particles, and bonding. The structure of sedimentary soil depends
on the depositional environmental conditions (physical and chemical). For natural
soils, these conditions alter during deposition, and subsequent consolidation and
swelling stages. Bonding can develop in a soil if the soil is allowed to age. Particle
arrangements in soils (controlled by their formational history) have been studied
by many scientists. The mechanical behaviour of any soil is closely linked with
the manner of its deposition and particle arrangement. Collins and McGown
(1974) reported that the dominant factors in the determination of the particle
arrangement were the mode of deposition and the electrochemistry of the pore
fluid at the time of deposition. They added that there are other factors that
influence the depositional arrangement of particles which can be summarized as:
 particle size, shape and gradation (clay mineralogy, exchange cations, acidity,
organic content, concentration of sediment);
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 the mode of deposition (rate of sedimentation and the state of agitation);
 seasonal and environmental variations throughout the soil’s depositional his-
tory (forming inhomogeneity with depth and layering);
 the electrochemistry of pore fluid and clay minerals.
4.1.3 Sedimentation compression of natural clays
Soil mechanics research has identified different mechanical responses between nat-
ural and reconstituted clays. Skempton and Northey (1952) found that plasticity
has a key influence on the compressibility of reconstituted soils but this is not the
case for in-situ states of natural clays.
Skempton and Northey (1952) noted that after normalizing the results using liq-
uidity index, the laboratory compression curves for reconstituted clays all had a
similar response (Figure 4.1), whereas natural clays in their in-situ states plotted
above them. They also observed in the same figure, that the more sensitive clays
plotted further from the reconstituted clays than those less sensitive. Skempton
(1970) defined a series of curves for the in-situ states of a number of normally
consolidated clays covering depths from recently deposited muds on the sea floor,
to Quaternary clays at depths of several tens of metres to hard clays and mud-
stones of Pliocence and late Pliestocene age extending to about 3000m (see Figure
4.2). The sedimentation compression curves indicate that the in-situ compress-
ibility was different to that obtained from laboratory oedometer tests on slurried
or reconstituted samples (Figure 4.2). Terzaghi (1941) defined these compression
curves for the in-situ states of normally consolidated clays as sedimentation com-
pression curves (SCC). Skempton drew the following conclusions from the results
given in Figure 4.2.
i. The relationship of these sedimentation compression curves is linear.
ii. At a given value of effective overburden pressure, the void ratio depends on
the liquid limit value.
iii. When plotted in terms of liquidity index rather than void ratio, the results lie
within a narrow band within which more sensitive clays tended to lie higher
than the less sensitive ones (see Figure 4.3).
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 Figure 4.1: In-situ state of normally clays and compression lines of reconstituted
clay (Skempton and Northey, 1952).
 
Figure 4.2: Sedimentation compression curves for normally consolidated argilla-
ceous sediments (Skempton, 1970).
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 Figure 4.3: (a) In-situ states of normally consolidated natural clay (Skempton,
1970) and (b) the corresponding SC curves (Cotecchia and Chandler, 2000).
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4.2 Compressibility of reconstituted clays
Burland (1990) defined reconstituted clay as one that has been thoroughly mixed
at a water content equal to or greater than the liquid limit. Figure 4.4 shows the
1-D compression curves for some reconstituted natural clays covering a wide range
of plasticities. He observed that the compression curves are all similar in shape
being slightly concave upwards and converging at high stresses. He also noted
that although Kleinbelt Ton and Argile Plastique have almost the same liquid
limit, Argile Plastique has a lower void ratio and also a lower specific gravity
than Kleinbelt Ton. Because of potential differences in specific gravity, Burland
(1990) proposed to use void ratio rather than water content as Skempton did.
To distinguish clearly between the properties of natural soil and their intrinsic
properties, an asterisk is used to denote an intrinsic property. Figure 4.5 shows
1-D intrinsic compression curves (ICC) for a range of reconstituted clays. Burland
(1990) defined the void index, Iv, to describe the state of intrinsic compactness of
a sediment:
Iv =
e0 − e∗100
e∗100 − e∗1000
(4.1)
where e0 = current void ratio, e
∗
100 and e
∗
1000 are the void ratios at vertical effective
stresses of 100 and 1000 kPa respectively for a normally consolidated reconstituted
sample. The intrinsic compression index C∗c is defined as e
∗
100-e
∗
1000 (slope of ICC).
Again an asterisk is used to denote an intrinsic property.
When Iv is negative the sediment will be compact and when Iv is positive the
sediment is in loose condition. The use of the Iv allows the ICCs to be normalized.
Burland (1990) normalized three of the intrinsic compression curves from Figure
4.5 by plotting Iv against logσ
′
v for clays of a wide range of plasticity . He found a
unique line which he termed the intrinsic compression line (ICL). The form of the
ICL is given in Figure 4.6 and he proposed the following equation to represent it
:
Iv = 2.45− 1.285x+ 0.015x3 (4.2)
where x =logσ
′
v.
Burland (1990) normalized the data in Figure 4.5 for most of sites considered
by Skempton (1985) in Figure 4.2. A regression line has been fitted to the data
which is called the sedimentation compression line (SCL). Figure 4.5 shows that
the intrinsic compression line (ICL) lies below and approximately parallel to the
sedimentation compression line (SCL) over the range of σ
′
v=10 kPa to 1000 kPa.
Over this region, for a given value of void index, the effective overburden pressure
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 Figure 4.4: 1-D compression curves for various reconstituted clays (Burland, 1990).
carried by the natural clay is approximately five times that carried by the equiva-
lent reconstituted clay. He also suggested that at pressures more than 1000 kPa,
the ICL and SCL tend to converge. Burland (1990) also found that clays of lower
sensitivity (the ratio of the undrained strength in the undisturbed state to the
undrained strength at the same water content in the remoulded state) plot closer
to the ICL while those of higher sensitivity plot further from it.
4.3 Compressibility of natural soft clays
Many researchers have observed that not all normally clays lie close to the SCL.
For instance, Burland (1990) studied the 1-D behaviour of undisturbed samples
of Sault Ste Marie clay from various depths. The void index has been used as
a normalizing parameter and is plotted against vertical effective stress in Figure
4.7. Figure 4.7(a) shows that the post-yield compression curves of natural clays are
much steeper than the SCL. The curves cross the SCL and then flatten, converging
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 Figure 4.5: Sedimentation compression line (SCL) for many normally consolidated
clays (Burland, 1990).
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 Figure 4.6: Normalized intrinsic compression curve giving intrinsic compression
line (ICL) (Burland, 1990).
on the ICL at high stresses. Figure 4.7(b) shows the oedometer test response of two
other clays. The compression curve of Sault Ste Marie clay, which lies above the
SCL, differs from that of Shellhaven clay lying close to the SCL, and for Gosport
clay lying below the SCL. Also Shellhaven clay does not exhibit a high post-yield
compressibility compared with Sault Ste Marie clay. As can be seen, normally
consolidated natural clays lie close to or above the SCL and exhibit post-yield
compression curves much steeper than the SCL and cross it to converge onto the
ICL at high stresses.
4.4 Cementation and ageing
After deposition under certain environmental conditions, a clay sediment may
change its behaviour, depending on pressure, time and changes in the surrounding
environment. Bjerrum (1973) pointed out that time has a significant effect on the
consolidation process. For instance, in Figure 4.8 if a young clay point (A) is left
under constant effective pressure for a time, it will continue to settle (path AB).
Thus the clay will gain strength with time and become less compressible. Also
if a clay is exposed to a slow flow of fresh ground water, any salts within it will
be removed by leaching, changing the behaviour of the clay from that of an aged
clay to that of a fresh sediment with different properties. However, the leaching
causes a reduction in plasticity of the clay and an increase in its sensitivity. As a
result, there is a reduction of undrained strength and increase in compressibility
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 (a)
 
(b)
Figure 4.7: Oedometer compression curves for (a) Sault Ste clay, site1 and (b)
Shellhaven and Gosport clays (Burland, 1990).
81
 Figure 4.8: Effect of geological history on normally consolidated clays in unce-
mented and cemented states (Bjerrum, 1973).
of the clay. After leaching is complete the clay will continue to consolidate with
time and again will develop strength with time, a reduction in sensitivity, and a
reduction in compressibility. A clay of this type may be classified as a weathered
leached clay (Bjerrum, 1973).
Conversely, environmental conditions can play a role in forming a cemented clay
where the particles are strongly connected with cementation bonds. Calcium
carbonate and amorphous silica are two common cementing agents forming ce-
mented soft clays. Cemented clays can be characterized as clays exhibiting brittle
behaviour and with very high sensitivity. Sensitivities of normally consolidated
clay are commonly in a range from 2 to 4.
4.5 Sedimentation and post-sedimentation struc-
ture
Cotecchia and Chandler (2000) defined the sedimentation and post sedimentation
structure which can result from the geological history of the clay as shown in Fig-
ure 4.9. They noted that the sedimentation structure includes all of the structure
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developed during and after deposition as a result of 1-D consolidation. In situ,
all normally consolidated clays from deposition follow sedimentation compression
curve (SCC) as defined by Terzaghi (1941) and this also applies to the same
clay when reconstituted and compressed in the laboratory, as shown in Figure
4.9. Although both clays (natural and reconstituted) have the same mineralogical
composition, they follow different paths for their SCCs: this results from their sed-
imentation structure. For the case of natural clays in situ (sedimentation structure
only), the clays have a yield point in compression that lies on the SCC point (Y)
in Figure 4.9(a). Compression after yielding can result in either a continuation
along the SSC path or convergence towards the ICL.
Post-sedimentation structure is defined by Cotecchia and Chandler (2000) as the
structure that develops when some geological processes subsequent to normal con-
solidation such as unloading (erosion, rising water table), creep, and bonding.
These geological processes will modify the sedimentation structure and clay re-
sponse as shown in Figure 4.9(b). When the clay is unloaded and then reloaded,
the compression curve joints the SSC at yield point (Y) which is close to the ge-
ological preconsolidation stress. This behaviour is also true for the reconstituted
and natural clays (paths RY* and OY). At loading rates higher than the geological
time scale rate, the compression curve may fall below the SCC (path Y Z2).
Figure 4.9(c) represents the effect of cementation on clay behaviour when it is un-
loaded or undergoing creep, as a result additional bonding can be occurred with
aging (path OY Z3). The compression curve returns to the post-sedimentation
structure and then due to additional bonding crosses the SCC, moving to the
right of the SCC before yielding.
Examples of sedimentation structure is giving by a number of clays that were
investigated by Skempton and Northey (1952) (see Figure 4.1). In this figure,
although the SCCs have similar structural response to 1-D loading, their natural
and reconstituted curves exhibit different paths due to their different sedimenta-
tion structure.
Horseman et al. (1987) give a good example of post-sedimentation structure
when investigating Boom clay: compression curves are given in Figure 4.10. The
samples were collected from a depth of 247m and the clay classified as lightly
overconsolidated stiff clay (swelling pressure less than σ
′
vo). The results show that
the 1-D compression curve lies between the ICL and the SCL and the yield point
is well defined above the ICL and then during loading it tends to converge towards
the ICL. Horseman et al. (1987) pointed out that the yield stress in compression
83
Table 4.1: Consistency of clay soils (Craig, 2004).
Consistency Undrained strength,
Cu or Su (kN/m
2)
Test
Very stiff or hard > 150 Very tough and difficult to pick
Stiff 75-150 Cannot be moulded by fingers
(difficult to pick)
Firm 40-75 Moulded by strong finger pressure
(Fairly easy to pick)
Soft 20-40 Moulded by light finger pressure
(Easy to pick)
Very soft < 20 Exudes between figures when
squeezed
was larger than the in-situ current stress (preconsolidation pressure) and these
differences in pressure can be from the post-sedimentation structure caused by
creep and diagenesis (the process of chemical and physical change in deposited
sediment).
4.6 Shear strength of soft clays
4.6.1 Introduction
One method to describe the soils is the consistency which is the hardness or
denseness of a soil or in other words is the measurement of stiffness and strength.
Terzaghi et al. (1996) classified clays according to consistency into groups that
depend on their undrained strengths: very soft, soft, firm, stiff and very stiff
(hard). Table 4.1 provides physical descriptions to cover the range of undrained
strengths (Craig, 2004).
4.6.2 Intrinsic shear strength of normally consolidated clays
Burland (1990) summarized the behaviour of 1-D consolidation on reconstituted
clay in triaxial compression as shown in Figure 4.11. Point A′ lies on the Ko
effective stress path (shown as chain dotted) and is the average of the axial and
radial stresses (σ
′
a + σ
′
r)/2. A tangent to the Mohr’s circle at failure represents
the intrinsic failure line. A
′
D
′
represents the effective stress path for a drained
triaxial test and the corresponding stress-strain and volumetric strain behaviour is
shown in the adjacent figure. It can be seen that the sample exhibits contractant
behaviour up to failure after which there is negligible volume change. Thus at this
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 (a)
 
(b)
 
(c)
Figure 4.9: Response of 1-D compression with the clay (a) normally consolidated
with sedimentation structure, (b) simply overconsolidated and (c) overconsoli-
dated with a post sedimentation structure at gross yield (Cotecchia and Chandler,
2000).
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 Figure 4.10: 1-D compression behaviour of Boom clay (Horseman et al., 1987 and
Burland, 1990).
point the sample has reached its critical state condition.
Figure 4.11(d) represents the undrained response of the clay (A
′
B
′
C
′
). The 1-D
reconstituted natural clay exhibits a brittle stress-strain behaviour for which the
peak undrained compressive strength is reached at very small strains as shown
by point B
′′
in Figure 4.11(d). After peak the stress-strain curve falls towards
the critical state strength with a large increase in pore pressure during loading.
The tangent to the Mohr’s circle is the intrinsic critical state line relating to the
undrained compression triaxial test. It important to note that the critical state
line (CSL) always lies well to the left of the ICL. In general, the use of the void
index, ICL and SCL have considerable benefit in understanding the undrained
behaviour of a soil. Burland (1990) reported that the intrinsic compression line
(ICL) is a valuable reference line for studying the compression characteristics of
natural normally and overconsolidated sedimentation clays and it is defined by
two constants of intrinsic compressibility e∗100 and C
∗
c .
4.7 Yielding in soft clay
The structure of natural clay is probably anisotropic in situ under Ko conditions.
This anisotropy affects the stress-strain curves, yield points and state boundary
curves and is different from those samples consolidated isotopically. For instance,
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 Figure 4.11: Ideal behaviour of 1-D consolidated reconstituted clay in triaxial
compression (a) void ratio changes; (b) K0 stresses; (c) drained test; (d) undrained
test (Burland, 1990).
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Figure 4.12: Stress path test data for reconstituted Thames alluvium (from Pick-
les, 1989) (after Burland, 1990).
Pickles (1989) performed a series of undrained triaxial tests on natural and re-
constituted samples in different ways (e.g. normally consolidated natural and
Ko-reconstituted clays and also initially Ko-consolidated then isotropically con-
solidated clays) as presented in Figure 4.12. He pointed out that a marked peak
in the deviator stress is defined. This peak is not evident for samples isotropi-
cally consolidated from low stress and he added that this is always the behaviour
of a Ko consolidated reconstituted clay. Figure 4.12 shows that the normalized
stress paths for Ko-normally consolidated samples all exhibit a peak deviator stress
value, which occurs at the state boundary surface (SBS). This surface forms an
arch shape in the normalized p′-q plane.
4.8 Stiff clay
4.8.1 Shear strength of stiff clays
Stiff clays are usually heavily overconsolidated clays, having a lower voids ratio
and a higher density compared with a normally consolidated clay under the same
effective stress. They have a brittle behaviour when sheared, so their stress-
strain curve rises sharply to a clear peak, after only small strain, followed by
a rapid reduction of shear stress after the peak point until the critical state is
reached after a large deformation at a nominal constant shear stress and constant
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volume. At very large strains after the critical state, the residual strength is
reached (constant shear resistance with increasing strain). The gradual decreasing
of strength beyond the critical state point is due to re-orientation of the clay
particles adjacent to the shear surface. The drop of strength beyond the peak could
be either from increasing the water content (dilatancy) in the vicinity of the slip
surface or from reorientation of clay particles parallel to the direction of shearing
or a combination of these (Skempton, 1985)(see Figure 4.13). The strength falls
due to the orientation of particles from peak until the residual strength. Burland
(1990) noted that the reduction in the post-peak strength, which he called the
post-rupture strength, might be relevant to many stability problems in stiff clay.
It is noted that post-rupture strength results from breaking of inter-particle bonds.
Burland (1990) noted that post-rupture strength is close to the intrinsic critical
state strength (i.e. relating to reconstituted samples).
4.8.2 Shearing mechanisms in stiff clay
Lupini et al. (1981) defined three modes of shearing behaviour in the ultimate
state. These types of shearing depend on the clay fraction and change in grad-
ing (content of platy clay minerals) as shown in Figure 4.14. They also noted
that fundamental manifestations of turbulent residual shear and sliding residual
shear depend on particle shape and interparticle friction (see Table 4.2). Types of
shearing behaviour can be classified as follows.
(a) Turbulent shear behaviour. With this behaviour high shearing resistance
usually occurs. There is a high percentage of rotund particles meaning that
the friction angle between particles is great and there is little particle reori-
entation. The magnitude of shearing resistance depends on the shape and
packing of the rotund particles.
(b) Sliding shear. When the proportion of platy clay particles is large, there
will be scope for continuous zones of reoriented low friction platy particles
to develop between rotund particles within which a sliding band forms. The
residual shear resistance depends mainly on the friction between particles
and on clay mineralogy and chemistry. Table 4.2, indicates that the residual
sliding behaviour is a function of interparticle friction angle.
(c) Transitional shear. This mode of shearing is an intermediate state between
turbulent and sliding modes. It represents a transition between the two
modes mentioned above. Although there is insufficient room for platy low
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Figure 4.13: Diagrammatic stress-displacement curves at constant σ′n (Skempton,
1985).
particles to orientate, zones of oriented low friction particles could be locally
formed. Vaughan et al. (1979) found from studying British clay that, clays
having Ip less than 25 % exhibit turbulent shear at large strains. Clays
having Ip greater than 30 % undergo sliding shear and for those having Ip
between 25% and 30% are within the transitional zone.
Table 4.2: Possible modes of residual shear according to particle shape and inter-
particle friction (Lupini et al., 1981).
Dominant particle
shape
Coefficient of interparticle friction φµ
High Low
Rotund Turbulent shear Turbulent shear
Platey Turbulent shear Sliding
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 Figure 4.14: Modes of behaviour of cohesive clays according to increasing clay
content (Lupini et al., 1982).
4.8.3 Yielding in stiff clays
In practice stiff clays often exist in the form of heavily overconsolidated clays
which exhibit brittle behaviour when sheared. Yielding in stiff clays can occur in
compression, swelling and shearing stages all of which can be presented as stress-
strain curves. Yielding is a result of loss of structure due to external forces. Three
examples of yielding behaviour are now considered.
4.8.3.1 Yielding in compression
The removal of structure from clays in compression tests has been examined by
many researchers. For instance, Banks et al. (1975) investigated a weak mudrock
from Panama and found that this stiff clay loses its structural bonds when loaded
to high pressure in an oedometer and as a result of destruction of its structural
bonds it swells when unloading to higher void ratios than it had initially (see
Figure 4.15).
4.8.3.2 Yielding in swelling
Swelling yielding can occur in clays, particulary those having expansive clay min-
erals. The expansion of a clay may be sufficient to destroy a bonded structure.
Bishop et al. (1965) investigated heavily overconsolidated London Clay, the sam-
ples were allowed to swell isotropically in the laboratory (path O-G on Figure
4.16(a)). The swelling yield occurred at point Y and caused a marked reduction
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Yielding
Unloading
Figure 4.15: The loss of structure by compression in an oedometer test (after
Vaughan et al., 1978).
in undrained shear strength as shown in Figure 4.16(b). It is evident that the
strength of the structured clay is much greater than the strength of the same clay
destructured by swelling or other means, e.g. remoulding.
4.8.3.3 Yielding in shearing
Applying the same principle implies that yielding in shearing is due to loss of
structure and can result from breakage of particles, movement on fissure or joints
and reorientation of particles. Sampling also affects the strength of clay soils.
Sampling disturbance depends on the method of collection (block, tube, etc) and
usually for overconsolidated clays results in a decrease in stiffness and strength.
Figure 4.17 shows examples of the effect of sampling disturbance on strength.
4.9 Permeability of clays
Soils are always in a condition of hydraulic equilibrium if there is no hydraulic
gradient. If seepage takes place the flow of fluid through the soil pores will depend
on the magnitude of hydraulic gradient, i, and the parameter permeability, k.
These govern the rate of flow of a fluid through the void spaces in a soil. The
pores in clay soils are always so small that the flow of water takes place under
laminar conditions, however in coarse soils the flow may be turbulent. Darcy’s law
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(a)
(b)
Figure 4.16: The loss of structure by swelling in consolidated undrained triaxial
tests on London clay (a) change in water content against isotropic consolidated
stress and (b) strength envelope (Bishop et al., 1965).
provides a relationship between the flow velocity, v, and the hydraulic gradient.
v =
Q
A
= ki (4.3)
where
Q is the discharge of water and A is the cross-sectional area.
The average velocity at which the water flows through the pores can be obtained
by dividing the volume of water flowing per unit time by the average area of voids
(Av), the seepage velocity (v
′) can be computed by:
v′ =
Q
Av
(4.4)
The porosity n of a soil is defined in terms of total volume, A
n =
Vv
V
(4.5)
so the porosity can be expressed for one-dimensional flow:
n =
Av
A
(4.6)
Hence:
v′ =
Q
nA
=
v
n
(4.7)
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(a)
(b)
Figure 4.17: The effects of shearing yielding as represented by sampling distur-
bance on strength, (Leroueil and Vaughan, 1990): (a) undrained triaxial tests
(Lefebvre, 1970); (b) limit state (Rochelle et al., 1981).
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or
v′ =
ki
n
(4.8)
Olsen (1961) noted that the flow through clay soils is different from that through
a porous material due to many factors and for most clays soils Darcy’s empirical
law is not valid. Four factors have been suggested by Olsen (1961) as possible
explanations for the failure of Darcy’s law in clay soils.
(1) Electrokinetic coupling: is the interaction that occurs between viscous and
electrical flows. In some case a hydraulic gradient forces liquid to flow
through pores while coupling gives rise to an induced electrical gradient
that causes an osmotic flow in the opposite direction to that caused by the
hydraulic gradient. The result of these opposing forces is a reduction of the
flow rate from that predicted by the Darcy equation.
(2) High viscosity: when unbalanced clay particle surface forces influence the ad-
jacent liquid (always water) causing the viscosity to change so that its bulk
liquid value increases. This effect consequently decreases with distance from
the clay particle surfaces. The consequent flow rate is less than that pre-
dicted from the Darcy equation when viscosity increases occur (as viscosity
is always assumed to be constant).
(3) Tortuous flow paths: it has been suggested that in clays, the flow paths can
be far more tortuous than those assumed.
(4) Unequal pore sizes: it has also been suggested that clay particles may be
arranged in groups such as aggregates, packets or domains. The non-uniform
pore sizes can influence the rate of flow.
4.9.1 Tortuous flow paths
Olsen (1961) developed a model to simulate the flow of water through clay par-
ticles, where the clay particles could be oriented at an angle θ with respect to
the direction of the hydraulic gradient vector (see Figure 4.18). He studied the
discrepancies between the estimated and predicted flow rates when using Darcy’s
law for a range of particle orientations that might exist in clays (see Figure 4.19).
Bolt (1956) noted that the degree of particle orientations in a clay increases with
consolidation pressure and the arrangement of the clay particles (degree of dis-
persion). Olsen (1961) tested kaolinite, illite and Boston blue clay and proved
that there is more than just one reason for why Darcy’s law is not accurate for
saturated clays.
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Figure 4.18: Model and parameters for tortuous flow paths (Olsen, 1961).
Figure 4.19: Possible discrepancies due to tortuous flow paths (Olsen, 1961).
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Figure 4.20: Assumed grouping of clay particles in clusters (Olsen, 1961).
4.9.2 Unequal pore sizes
Olsen (1961) also studied the effect of unequal (non-uniform) pore sizes on the flow
rate. Unequal pore sizes were assumed to result from the grouping of clay particles
in clusters (see Figure 4.20), and he suggested that the invalidity of Darcy’s could
be caused by such unequal pore sizes.
4.10 Summary and conclusions
In order to understand and characterise the properties of clay soils, it is impor-
tant to investigate them in terms of (i) origin and structure, (ii) compressibility
behaviour, (iii) shear strength and yielding of soft clays, and (iv) shear strength
and yielding of stiff clays. Within the last few years many attempts have been
made in each of the areas considered above.
4.10.1 Origin and structure
In assessing the origin it is important to distinguish between sediments (derived
from materials transported by any means), residual soils (soils remaining in situ
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from weathering of rock) and pedocretes (soils changed by chemical action e.g.
become cemented). The origin, mode of formation and subsequent geological
history can be of great importance for assessing engineering characteristics.
4.10.2 Compressibility behaviour
Many researchers have proved that natural and reconstituted clays have quite
different behaviour in terms of compressibility. Investigations into depositional
processes and responses and post-depositional of natural sediments under certain
environmental conditions lead to a well defined Sedimentary Compression Curve
(SCC). Burland (1990) noted that their SCC lies to the right of their Intrinsic
Compression Curve, ICC (defined by tests on reconstituted samples).
4.10.3 Shear strength and yielding of soft clays
The behaviour of soft clays depends on the stress path followed. In drained tri-
axial tests, a contractant behaviour is expected up to failure after which the vol-
ume remains constant while in 1-D and isotropically consolidated undrained tests,
a brittle stress-strain behaviour is observed with a peak strength at very small
strains. In the case of 1-D consolidated samples the peak in undrained shearing is
reached at relatively small strains compared with isotropically consolidated sam-
ples. Research clearly shows that yielding for different types of consolidation path
(Ko and isotropically consolidated) during undrained shearing occurs at the state
boundary surface (SBS) which forms an arch in the normalized p′-q plane.
4.10.4 Shear strength and yielding of stiff clays
The stress-strain results of stiff clays indicate a steep rise in shear stress until
reaching the peak at a low strains followed by a rapid reduction of shear stress
(due to breakage of inter-particles bonds) to more gentle shear stress reduction
(due to re-orientation of clay particles) to residual strength. Yielding in stiff clays
can occur in compression, swelling and shearing stages and can be identified from
stress-strain curves.
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Chapter 5
Testing apparatus and
methodology
5.1 Classification tests
5.1.1 Density and specific gravity
Density can be defined as mass per unit volume and it is denoted by ρ. In British
Standard Institution the density of particles is supplemented by specific gravity,
Gs, which is the ratio of the mass dry particles to the mass of water they replace
(Head, 2006).
In this research, density was estimated from direct measurement of the dimensions
and the mass of the trimmed oedometer and triaxial samples. In the laboratory,
the density bottle (small pyknometer) method was used to measure the specific
gravity of soils. The test was carried out according to BS 1377:1990. The samples
were dried and passed through a 2mm BS sieve. The portion that passed the
2mm BS sieve was used for the specific gravity test. Four samples were each
placed inside a density bottle and weighed. Water was added carefully to each
bottle to ensure there was no entrapped air and the bottles placed in a vacuum
desiccator until no air bubbles were visible. Then the sample and water were
weighed. By knowing the mass of solid particles and water, the specify gravity,
Gs can be calculated from the following equation:
Gs =
ρs
ρl
=
(m2 −m1)
(m4 −m1)− (m3 −m2) (5.1)
where ρl=density of liquid used, at constant temperature (for distilled water ρl
can be assumed to be equal to 1.000 g/ml); ρs= particle density; m1= mass of
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density bottle (grammes); m2=mass of bottle plus dry soil (grammes); m3=mass
of bottle plus soil plus liquid (grammes) and m4=mass of bottle plus liquid only
(grammes).
5.1.2 Atterberg limits
The condition of soil can be changed by changing the moisture content. For
instance, if sufficient water is added to the soil, it becomes a slurry and has
liquid state and if the moisture content is then gradually reduced, the soil changes
through four states: liquid, plastic, semi-plastic and solid states as shown in Figure
5.1. The moisture contents at these boundaries are known as the Atterberg limits
or consistency limits which are (Head, 2006):
Liquid limit (LL), (denoted as wl);
Plastic limit (PL), (denoted as wp );
Shrinkage limit (SL), (denoted as ws).
The liquid limit was determined using the cone pentrometer method according to
BS 1377:1990. The sample was allowed to dry at room temperature, then crushed
and sieved on a 425 µm sieve, the fraction passing the 425µm sieve being used
for the plasticity tests. The soil was placed on a glass mixing plate and distilled
water was added to the soil and mixed thoroughly until a homogeneous paste was
formed. The mix was sealed and left for 24 hours to allow the hydration process
to occur. A small portion of the soil was set aside for the plastic limit test before
too much water was added. More water was added to achieve penetration values
between 15-25 mm, tests at four different water contents were performed and
water content plotted against penetration. The moisture content corresponding
to a cone penetration of 20 mm is determined from the plot and this relates to
the liquid limit of the soil.
The rest of the sample was used to determine the plastic limit according to BS
1377.1990. The soil was rolled to form a ball which is divided into quarters, each
of which pressured then kneaded by fingers until a thread of about 3 mm in a
diameter was formed. The test was repeated until the thread started to crumble
(crumbling should be the result of decreasing moisture content only, and not due
to any mechanical breakdown such as excessive pressure). The first crumbling
point was the plastic limit. An average was taken from each quarter sample. The
difference between the liquid limit and plastic limit gives the plasticity index (Ip)
of the soil:
Ip = w` − wp (5.2)
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Figure 5.1: Phases of soil and the Atterberg limits (Head, 2006).
5.1.3 Particle size distribution
Two methods were used to obtain the particle size distributions (PSD) of the clay
soils: wet sieving and the hydrometer method. Both methods were carried out
according to British standard (BS 1377:1990: Part 2). Particles size distributions
were produced to provide the relative percentage of gravel, sand, silt and clay in
each sample. Sodium hexametaphosphate was used as a dispersing agent in order
to ensure separation or dispersion of discrete particles of the soil.
5.1.3.1 Wet sieving
The test was carried out according to British Standard for wet sieving for cohesive
soil. A 2 kg sample was dried and weighed, and then broken up and spread out in
a tray and covered with water containing 2g/litre of sodium hexametaphosphate.
The sample was allowed to stand for 3 hours and stirred frequently. It was then
washed through a series of sieves starting from 2 mm to 63 µm according to BS
1377:1990. The results from the wet method showed that 70% of both of clays
investigated in this research passed through the 63 µm sieve, so the sedimentation
method was used to complete the rest of PSD curve.
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5.1.3.2 Sedimentation and hydrometer method
This method is based on the theory that large particles suspended in a liquid
settle more quickly than small particles, assuming that all particles have similar
densities and shapes (Head, 2006). Stoke’s law gives a relationship between the
falling velocity of particles (terminal velocity) and their diameters (Equation 5.3).
The terminal velocity, vt, of a spherical particle falling freely in a fluid is given.
vt =
D2g(γs − γ`
18η
(5.3)
where vt= the terminal velocity; D= particle diameter; γs= the weight density of
solid particle; γ`= weight density of the fluid (liquid). η= the dynamic viscosity
of the fluid; g= the acceleration due to gravity.
The soil in suspension passing the 63 µm sieve from wet method was transferred
to a 1000 ml suspension cylinder. The mixture was topped up to 1000 ml by
adding distilled water and then the cylinder was shaken by up-ending several
times and placed in an upright position at which point the time of sedimentation
starts. The hydrometer was inserted to float freely and readings taken with time.
The equivalent particle diameters (D) and the percentage finer than D, K, was
calculated from the hydrometer reading using the following equations.
D = 0.005531
√
ηHR
(ρs − 1)t(mm) (5.4)
where HR= the effective depth in mm corresponding to each value of observed
hydrometer reading; η is the dynamic viscosity of water in mPas (millipascal
second) at the test temperature; ρs is the particle density (Mg/m
3); t is the elapsed
time (minutes). The percentage finer than D can be calculated from the following
equation.
K =
1000ρsRd
m(ρs − 1)(%) (5.5)
where m=initial sample dry mass; Rd= modified hydrometer reading.
5.2 Chemical test for organic content
Two procedures were used for the determination of the organic matter content:
dichromate oxidation and loss of ignition methods. The dichromate method was
used according to BS 1377:1990. The test went through five stages, first the fer-
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rous sulphate was titrated (standardized) (Head, 2006). The sample was dried
and passed through a 2 mm sieve. Potassium dichromate and concentrated sul-
phuric acid were added to the representative sample in order to allow oxidation
of the organic matter. Then the mixture was titrated by adding distilled water,
orthophosphoric acid and an indictor to calculate the total volume of potassium
dichromate (V ) used to oxidize the organic matter in the soil. By knowing the
total volume of ferrous sulphate solution used in the test (y) and also the total vol-
ume of ferrous sulphate solution used in the standardization test (x), the organic
matter content can computed from the following equations.
V = 10.5(1− y
x
) (5.6)
Percentage organic matter content =
0.67V
m3
% (5.7)
where m3 = the mass of soil used in the test (grammes).
This method is accurate for soil containing a natural organic content and it is
assumed that it oxidizes around 77% of the carbon in the organic matter and soil
organic matter contains an average of 58% of carbon by mass (Head, 2006). These
factors are included in Equation 5.7.
The loss of ignition method was also used to compute the content of organic
content in the soil by following the BS 1377:1990 method. In this method the
sample was first dried in an oven at 50 ◦C, and then placed in a muﬄe furnace at
440±25 ◦C for at least 3 hours until a constant mass was achieved. The results
from this method are not always reliable because materials other than organic
matter could ignite during the process.
5.3 Compaction tests
5.3.1 Dynamic compaction
In this research both the light and heavy dynamic compaction procedures were per-
formed according to BS 1337:1990. In the light method (2.5 kg rammer method),
different amounts of water were added to dry samples in order to cover the re-
quired range of water content. The range should provide at least two values either
side of the optimum moisture content as described in BS 1377. The sample was
thoroughly mixed and the mixture allowed to equilibrate for 24 hours in a sealed
container. After equilibration, the sample was placed in a mould in three layers
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with 27 blows being applied to each layer from a controlled drop height of 300
mm. The sample was extruded, the top side levelled off and the dimensions and
moisture content measured in order to compute the dry density at each moisture
content.
In the heavy compaction test (4.5 kg rammer method), the preparation of samples
was similar to that of the light method but the compaction is done in five layers,
and again 27 blows applied per layer from a controlled drop height of 450 mm.
In this method the total compactive energy applied is 4.5 times greater than the
light procedure. In both methods, each dry density was plotted against the corre-
sponding moisture content and a smooth curve drawn through the points in order
to compute the optimum water content and maximum dry density. The curves of
air voids for 0, 5, 10 and 20% were plotted as well on the same figure. The dry
density (ρd in Mg/m
3) corresponding to a certain moisture content (w in %) can
be calculated from Equation 5.8.
ρd = (
100
100 + w
)ρ (5.8)
where ρ is the bulk density of each compacted specimen. Curves for the light and
heavy compaction methods, performed on the black and red soils, are given in
Figure in 5.2.
5.3.2 Static compaction
Static compaction was used to prepare samples for testing in the osmotic oedome-
ter. For heavy clays and silty clays, static compaction is an effective method of
achieving repeatable good quality compacted samples. The optimum water con-
tent was found to be 22% for black soil and 25% for the red soil when plotting
dry density against water content (Figure 5.2). In practice, sheeps’ foot rollers
are found to be very effective in the field. These rollers, which consist of a steel
drum on which projecting legs are fixed, are employed in road and rail projects.
As the roller moves over the soil, the feet penetrate into the soil and generate
high pressure pressure due to the small contact area of the feet. The compaction
action applied by a sheep foot roller is known as kneading. This roller can apply
pressure between 8.0 to 17.5 kg/cm2 (785-1716 kPa) or more depending on many
factors such as gross weight of the roller, the area of each foot, total number of
feet per drum and number of passes. The compaction pressure was selected as the
same value (720 kPa) as Monroy (2005) used in his research. Figure 5.3 shows
that at this level of stress, the displacements almost level off, implying that this
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is the maximum pressure to achieve maximum density at optimum water content.
Different water contents were mixed with samples at this level of compaction in
order to obtain the optimum water content. The osmotic oedometer loading frame
system described in Section 5.6 was used to compact the samples. A total of 20-
30 minutes was required for the piston load to reach the maximum pressure (720
kPa), and this pressure was held for 15 minutes to achieve the maximum density.
5.4 Soil suction
The filter paper method was used in this research to determine the suction of the
soil clays. Procedures for using filter paper are discussed in detail in Chapter 4.
Samples were trimmed from a large cake consolidated from slurry in a 228.6 mm
(9 inch) diameter consolidometer to 200 kPa as described in Section 6.5.3 and
Chapter 7.
5.5 Reconstituted consolidometer samples
To investigate the intrinsic behaviour of the soils, reconstituted samples were pre-
pared using a slurry as proposed by Burland (1990). The first stage of slurry
preparation was to dry a sufficient quantity of the soil and then grind it to a
powder using a mechanical pestle and mortar. The ground soil was then added to
pure water (from a reverse osmosis system) such that the water content was 1.5
liquid limit. Initially, mixing was carried out by hand for about 10 minutes using
spatulas. The slurry was then placed in a mechanical stirrer with the speed set
at a low speed and mixed for about three hours. Once fully mixed to a smooth
uniform consistency, the slurry was stored to fully hydrate in an air-tight container
for a minimum of two weeks before consolidation.
After hydration, several samples were taken for water content measurement and
the slurry was transferred to a large consolidometer apparatus with a diameter of
228.6 mm (9”) or a perspex tube of 50 mm diameter (see Figures 5.4 and 5.5).
The porous stone at the base was immersed in near boiling pure water for 30
minutes to remove air within it. The base of the consolidometer, with embedded
porous stone, was bolted to the side wall section, the inside of which was lightly
greased to minimize side friction. A disc of soaked filter paper was placed on top
of the porous stone at the base and then about a 30 mm height of water was added
before placing the slurry into the consolidometer. In order to ensure that no air
entered into slurry, the slurry was spooned slowly into the cell below the water
105
1.30
1.40
1.50
1.60
1.70
1.80
1.90
2.00
0 5 10 15 20 25 30 35 40
D
ry
 d
e
n
si
ty
(g
/m
m
3
)
Moisture Content  (%)
El Gereif sample
Black Clay
2621
2965
4882
9065
18861
305 matrix suction
15182
2362
780
182
7327
2850
Heavy compaction 
Light  compaction 
Static  compaction 
Intact samples
(a)
1.00
1.20
1.40
1.60
1.80
2.00
0 5 10 15 20 25 30 35 40
D
ry
 d
e
n
si
ty
(g
/m
m
3
)
Moisture Content  (%)
Wadi Madani sample
Red  Clay
1092
4240
3296
17310
28811
913 matrix suction
884
6139
583
9115
Heavy compaction 
Light  compaction 
28128
6456
2516
1568
560
Static  compaction 
(b)
Figure 5.2: Dynamic and static compaction curves for (a) black soil, and (b) red
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Figure 5.3: Stress-displacement relationships during static compaction for the
black soil at various water contents.
added at the base taking care to avoid air entrapment and the surface smoothed
to be level. After smoothing the final surface, the cell was covered with cling film
to prevent the slurry from drying. A period of 2 days was allowed with drainage
from the base stone of the consolidometer. The drainage tube led to a container
about 1 m below the base of the consolidometer. Once sufficient flow has occurred
so the tube is fully deaired there will be a suction of about 10 kPa applied to the
sample to provide the initial consolidation.
After the initial consolidation was complete, the top cap with attached porous
stone was placed in near boiling water for about 30 minutes to ensure that it is
fully saturated and the de-aired top cap and filter paper were placed carefully on
the upper surface of the sample. This applied a total stress of 2.7 kPa. Readings
were taken of settlement against time for about 2 days until the settlement had
stopped. Water was added frequently to keep the sample fully saturated all the
time. The sample was subjected to loading stages with 3lb, 6lb, 12lb, and 24lb
placed on the hanger (corresponding to stresses of 12.5kPa, 25kPa, 50kPa, and
100kPa) until the final vertical effective stress of 200kPa was reached. Sufficient
equilibration/creep periods were allowed between each increment of loading to en-
sure full consolidation. After consolidation, the sample (cake) was extruded from
the cell. Several small samples were taken for water content measurement. The
sample (cake) was wrapped in three layers of cling film and one layer of wax before
storing in a safe place for future use.
In order to investigate reconstituted samples with 100 kPa effective stress, small
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Figure 5.4: Large consolidometer apparatus (diameter 9”=228.6 mm) for prepar-
ing reconstituted samples.
consolidometers (38 mm and 50 mm in diameter) were used. The slurry was made
by adding water to the soil and manually mixing it, the slurry was placed in the
consolidometer trying to avoid any air entrapment in the sample. The disad-
vantage of using these small consolidometers is the non-uniformity of the water
content within the sample which is caused by side friction within the tube. In
the case of 50 mm reconstituted samples, the same procedure was followed as in
the large consolidometer to prepare a slurry, then the slurry spooned into the 50
mm diameter perspex tube and the sample was consolidated to a vertical effective
stress of 100 kPa. The reconstituted samples were trimmed to provide a 38 mm
diameter sample.
Both reconstituted samples consolidated in the large consolidometer or in the
tube consolidometer were used in conventional oedometer and triaxial apparatus
in order to investigate the intrinsic properties of both the black and red soils.
5.6 Oedometer consolidation apparatus
Consolidation tests were carried out using Wykeham Farrance WF24001 and VJ
technology VJT0650 oedometers for investigating the consolidation characteristics
of the red and black clays such as coefficient of volume compressively and the
coefficient of consolidation. Both types of oedometer have the option of three
alternative beam ratios (depending on the hanger position). The maximum load
capacity which can be suspended on the WF24001 system is 150 kg and the system
108
Figure 5.5: Tube consolidometer (diameter 50 mm) and dead weights for preparing
individual reconstituted samples.
has a lever arm ratio of 9.62 (first hole position), 9.82 (second hole position) and
11.04 (third hole position), while the VJ0650 has maximum load capacity of 100 kg
and lever arm of 11.214 (position No.1), 10.194 (position No.2) and 9.173 (position
No.3). In both systems, the dimensions of the confining rings used in this research
were 50mm in diameter and 20mm in height (see Figures 5.6 and 5.7).
5.6.1 Preparation of samples
The oedometer ring was pressed into the sample until the upper and lower surfaces
extended by roughly equal amounts, and the surfaces levelled by trimming against
the ring faces. At this stage, the sample and the ring were weighed and the initial
water content determined from the trimmings.
5.6.2 Sample loading
After placing the sample in the oedometer apparatus, the loading beam and hanger
was checked to be balanced without weights. The oedometer cell was filled with
water to ensure that the sample remains fully saturated for tests on fully saturated
samples (reconstituted samples). In the case of partly saturated samples (intact
samples) the water was added at a specified loading level in order to observe
swelling and collapse potential. Each loading increment was maintained for 24
hours and loads were doubled each day. Readings of time and displacement were
recorded during each load stage of the test.
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Lever arm
Figure 5.6: Oedometer apparatus used in the research at Imperial College.
Figure 5.7: Section of typical consolidation cell (BS1377:1990).
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5.6.3 Processing oedometer test data
5.6.3.1 Fully saturated samples
The initial water content, w0, was determined from specimen trimmings during
sample insertion into the confining ring. The following equations were used to plot
the void ratio/log pressure curve. Sample area, A0
A0 =
piD2
4
(5.9)
where D is the internal diameter of the confining ring.
Initial volume, V0
V0 = A0 ×H0 (5.10)
where H0 is the initial thickness of the sample.
The initial bulk density, ρ , can be computed by
ρ =
m0
V0
(5.11)
where m0 is the initial mass of the sample.
The dry density, ρD, is the mass of dry soil per unit volume,
ρD = ρ
100
100 + w0
(5.12)
Void ratio, e
e =
Gs
ρD
− 1 (5.13)
where Gs is the specific gravity of the soil measured in the laboratory (Section
5.1.1).
Degree of saturation, Sr
Sr =
w0
Gs
e (5.14)
Using phase relationship it can be shown that the change in height, ∆H, from an
initial height, H0, can be related to a change in void ratio ∆e from an initial void
ratio e0, by expressing them as
∆e =
1 + e0
H0
∆H =
∆H
Hs
(5.15)
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where Hs is the equivalent height of solid particles
Hs =
H0
1 + e0
(5.16)
where e0 is the initial void ratio at the beginning of the test.
The void ratio e at any stage of the test can be calculated from Equation 5.17
e = e0 −∆e (5.17)
After all loading/unloading stages during the test were complete, the remaining
load was removed, the apparatus dismantled and the sample removed from the
confining ring. The final moisture water content, wf and the sample dimensions
were measured in order to provide a cross check on the calculations based on initial
conditions by using back-calculation. The following equations are used for back
calculation.
Final void ratio after unloading, ef
ef = wfGs (5.18)
Change in void ratio, ∆e
∆e =
∆H
Hi
(1 + ei) (5.19)
where ∆H is the change in thickness, Hi is the thickness at the previous stage, ei
is the void ratio at the previous stage. Then the void ratio after an increment, e,
can be computed from the following equation
ei−1 = ei −∆e (5.20)
and the voids ratio change during an increment, δe, can be calculated from
δe = ei−1 − ei (5.21)
5.6.3.2 Partly saturated samples
The natural soils, which were partly saturated, contain both air and water in their
voids and even when they are completely soaked, the air in the voids remains
entrapped. It is difficult to calculate the change in void ratio with change of stress
because of this entrapped air. In this research, back calculation from the end of
the test was used and it was assumed that the volume change of sample (given
by its change height) represents an increase or decrease in void volume in sample.
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Based on this assumption the following relations were used to calculate various
quantities relating to the natural soil. The volume of water going in to or from a
sample, ∆Vw can be calculated as follows
∆Vw = ∆h× Ao (5.22)
If ρw is assumed to be 1 g/cm
3 and Vw is expressed in cm
3, then
∆Vw = ∆Mw (5.23)
where ∆h = change in sample height, ∆Mw = change in mass of water (in
grammes) so the mass of wet sample at any change of stress, M, can be calculated
from the final mass of sample as follows
M = Mf ±∆Mw (5.24)
where Mf is the final mass of the sample after removing it from the apparatus.
The dry mass of the sample (i.e. the mass of solids, Ms) can be calculated from
the final mass of the wet sample, Mf , and final water content, wf
Ms =
Mf
1 + wf
(5.25)
then the water content at any level of stress, w, can be computed from.
w = 100(
M
Ms
− 1) (5.26)
where M is the total sample mass at the corresponding stress. The void ratio, e,
can be calculate as follows (assuming that the sample at the end of the test is still
fully saturated)
e = w.Gs (5.27)
Before sample inundation, water content measurements were taken before each test
and the dimensions and mass were also measured. The initial specific volume, νi,
was calculated from Equation 5.13. At different stages of the test during loading,
the specific volume, ν, was calculated using the volumetric strain, εv, as follows.
ν = νi(1− εv) (5.28)
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5.6.3.3 Determination of compression index (Cc)
The compression index, Cc, is the slope of the normal compression line which can
be defined as the change in voids ratio per unit effective stress change as a result of
consolidation due to that stress change. In this research after e-logσ′ was plotted
the slope of the straight line was taken by using the following equation.
Cc =
∆e
∆logσ′
(5.29)
5.6.3.4 Determination of coefficient of volume compressibility (mv)
The coefficient of volume compressibility (mv) which is defined as the amount of
change in unit volume due a unit increase in effective stress can be calculated
from.
mv =
∆e
∆σ′
1
1 + e0
(5.30)
where ∆e is the change in void ratio, ∆σ′ is the change in effective stress, e0 is
the initial void ratio.
5.6.3.5 Determination of coefficient of consolidation (cv) and perme-
ability (k)
The coefficient of consolidation, cv, was determined using the root time method
in conjunction with the following.
Tv =
cvt
d2
(5.31)
where Tv is the dimensionless time factor, d is the drainage path length, and t is
the appropriate time required to achieve a specific degree of consolidation, U , e.g.
t50 for U = 50%. Permeability, k,was then calculated from.
k = cvmvγw (5.32)
where γw is the unit weight of water.
Both k and cv were multiplied by a correction factor when the average laboratory
temperature during an incremental stage differed from 20 ◦C by more than ±2 ◦C.
The applied correction factor used were obtained from Figure 5.8.
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Figure 5.8: Temperature correction curve for coefficient of consolidation and per-
meability (BS 1377:part5:1990).
5.7 Osmotic oedometer
The osmotic oedometer device used to test partly saturated soils, has been de-
veloped at Imperial College London. The suction probes incorporated in the
apparatus can measured up to 1500 kPa suction. This means that all soils up to
this suction level can be investigated in this osmotic oedometer apparatus, which
has the ability to:
1. control suction during all stages of the test by using osmotic technique
method;
2. measure suction of the sample using IC tensiometers;
3. measure volume changes;
4. measure changes in moisture content by weighing water going into or out of
the sample;
5. measure both axial and radial stresses;
6. control the stress path.
5.7.1 Principle of osmosis
Osmosis can be defined as the flow of a solvent into a solution (a liquid contain-
ing a dissolved solute and solvent) or is the tendency of molecules of a solvent to
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pass through a semi-permeable membrane from a less concentrated into a more
concentrated solution. The transfer of solvent results in an increase in pressure
on the concentrated solution side of the membrane. This excess pressure, which
is the osmotic pressure at equilibrium state, will eventually increase sufficiently
to prevent the flow of further solvent into the solution. This process will con-
tinue until the difference in pressure on both sides of the membrane equilibrates.
Figure 5.9 shows the mechanism of the flow of solvent from a low concentration
solution to a higher one. In this research the solute used was Polyethylene Gly-
col (PEG) with molecular weight of 35000 to form a concentrated solution with
which to generate an osmotic potential. The semi-permeable membrane used was
a synthetic Poly-Ether Sulphonate Ultra-Filtration (PES-UF) type. By using this
type of membrane in conjunction with a solution of PEG 35000, suctions can be
generated and sustained for a long period. A peristaltic pump is connected to
the 1.6 mm internal diameter inlet tube in order to circulate the solution beneath
the PES-UF membrane. The solution was drained via a 3.2 mm internal diam-
eter outlet tube to a reservoir containing the solution (200 ml pyrex beaker) as
shown in Figure 5.10. The system was sealed at the top with a 73mm diameter
stainless steel top platen with three holes in to insert suction probes using a latex
membrane and o-ring around its perimeter. The latex membrane and o-rings were
used to minimise evaporation losses from the top of the sample (see Figure 5.11).
5.7.1.1 Suction measurement
Three suction probes were placed in contact with the samples in order to measure
matrix suction. These probes have the ability to measure negative pressures of up
to about 1500 kPa. The main components of the probe, shown in Figure 5.12, are
as follows:
 high air-entry value porous filter (1500 kPa);
 stainless steel body;
 water reservoir of area less than 3 mm2;
 integral strain-gauged diaphragm.
The probes are de-aired and calibrated using a vacuum chamber. The probe is cal-
ibrated once the porous filter is fully saturated. The movement of the diaphragm
depends on pressure exerted on it, this deflection gives a change in voltage output
which can be easily converted to pressure by using an appropriate regression from
116
calibration. To ensure a good contact between the sample and probes, a thin layer
of kaolin slurry was smeared on the face of the probes which were held in place
by springs and a small retaining plate with adjustable screws to push the probes
against the sample.
5.7.1.2 Moisture content and volume change measurement
For partly saturated soils, it is not possible to measure the volume change directly
from water flow in/out of the sample as can be done when fully saturated. To
measure changes in volume in partly saturated soils, it is necessary to make in-
dependent measurements of changes in overall sample volume and changes in the
inflow and outflow of the pore fluid. To measure overall changes in sample volume
in the osmotic oedometer, a Linear Variable Differential Transformer (LVDT) dis-
placement transducer was placed above the sample to measure changes in sample
height, while controlling the radial displacement to maintain zero radial strains.
In order to measure changes in the inflow and outflow of pore water, a reservoir
containing the solution was placed directly on an electronic balance to measure
changes in the pore water mass going in or out of the sample. In order to minimise
the evaporation from the free surface of the reservoir, it was covered with a 30 mm
layer of silicone oil with a viscosity of 1000 centistokes and a pyrex culture dish
(to minimise the evaporation area). The dish opening in its centre accommodated
the inlet and outlet tubes. Also to minimise the evaporation from tubes, PVC
Tygol tubes were used with the peristaltic pump. The solution was pumped along
the 1.6 mm inlet tube and allowed to drain by gravity into the reservoir along the
3.2 mm outlet tube.
5.7.1.3 Radial stress measurement
The cell confining ring, which is of 10 mm thickness (Figure 5.13), is fitted with
four small circular diaphragms machined in its side and located at 90 degrees
around its circumference (Monroy, 2005). A circular strain gauge was attached
to the back of each diaphragm. As shown in Figure 5.13, the outer face of the
confining ring is sealed with another ring and a known value of air pressure ap-
plied between the rings. Strains were compensated by applying an air pressure
behind the diaphragms. Any change of deformation of the diaphragm, due to an
increment in the soil’s radial pressure, requires a radial pressure to be applied to
bring the diaphragm back to its original position. The pressure transducer reads
this pressure as a horizontal pressure to keep the sample in a Ko condition. To
ensure accurate measurements of radial pressures, first the pressure transducer
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was calibrated using a Budenburg pressure load calibrator, and then the four di-
aphragms were calibrated against the pressure transducer with no sample inside
the confining ring. The diaphragms’ response was found to be linear during load-
ing/unloading stages (the corresponding between applied and measured pressure
was found to be the same).
 
Figure 5.9: Schematic showing principle of osmosis (after Dineen, 1997).
5.7.2 Calculations of the osmotic oedometer test data
When loading the compacted soils, which were partly saturated, containing both
air and water in their voids, the air in the voids remains entrapped. It is difficult to
calculate the change of void ratio with change of stress because of this entrapped
air. In this research, the volume change in sample was calculated from the change
in sample height as the cross section area was constant.
The initial water content, w0, is determined from specimen trimmings and the
initial sample area and volume can be calculated from Equations 5.9 and 5.10
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Figure 5.10: Main constituents of the osmotic oedometer system (after Monroy,
2005).
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(b) 
Figure 5.11: Design of top cap of osmotic oedometer (a) elevation view (b) plan
view (Monroy, 2005).
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 Figure 5.12: Suction probe components (Ridley and Burland, 1993).
respectively.
Assuming no change in diameter the volume at any time during the test (V )can
be calculated by.
V = A0 × (H0 −∆h) (5.33)
where H0 is the initial thickness of the sample;
D is the initial diameter of the confining ring=sample diameter;
∆h is the change in sample height.
From initial total mass (MT ), water content (w0) and volume (V0) of the sample
measured at the beginning of the test, the following quantities can be calculated.
Ms =
MT
(1 + w0)
(5.34)
where Ms is the mass of solids in the sample.
The volume of solids (Vs) and the volume of voids (Vv) can be calculated from:
Vs =
Ms
Gsρw
(5.35)
Vv = V − Vs (5.36)
taking the density of water is to be 1000kg/m3 or 1.00 g/cm3, the volume of water
in the sample (Vw) can be determined from the initial volume of water (Vw0) and
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 Figure 5.13: Osmotic oedometer radial stress measuring system (Montanez, 2002).
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the inflow/outflow of pore water (change of mass in the balance), as follows.
w0 =
Mw0
Ms
(5.37)
where Mw0= initial mass of water in sample. The initial volume of water in the
sample, Vw0, can be obtained from
Vw0 =
Mw0
γw
(5.38)
Vw = Vw0 ±∆Vw (5.39)
where ∆Vw is the change in volume of water (=change in the solution mass).
The degree of saturation (Sr) and void ratio (e) can be calculated during the test
from.
Sr =
Vw
Vv
(5.40)
e =
Vv
Vs
(5.41)
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5.8 Triaxial apparatus and test procedure
5.8.1 Test equipment
The triaxial apparatus allows a wide range of stress paths to be followed and nu-
merous quantities to be measured, e.g. the strength, and small and large strain
stiffness characteristics of soil samples. The triaxial apparatus used in this re-
search was designed and manufactured at Imperial College London. It consists of
several components which are shown in Figures 5.14 and 5.15.
a) 16 Channel Analogue to Digital converter. Each of the channels auto-range
from 20 millivolts with a resolution of 0.625 microvolts through to 10 volts and a
resolution of 0.32 millivolts.
b) Hydraulic triaxial cell. This apparatus was developed at Imperial College for
reproducing a wide range of stress path conditions (Bishop and Wesley, 1975).
The equipment was designed to test soil samples with a diameter of 38mm and a
height of 76mm (2:1 height to diameter ratio). Three air pressure controllers, for
the cell, back and ram (axial) pressures were provided by a central compressed
air supply with a maximum pressure of about 850kPa. An air-water interfaces
are used to convert air pressures to water pressures via a rubber bellofram and
tubing then transmits the water pressure to the apparatus. Two bellofram rolling
seals are used to retain the cell fluid and the ram travels up and down within a
linear bearing. The axial load can be applied to the sample by increasing the ram
pressure at the base of the chamber, pushing the sample against a load cell which
records the deviatoric load and had a 5kN capacity.
The drainage and pore pressure (back pressure) line is connected to the base of
the sample. Volume change can be measured by an Imperial College volume gauge
connected to the back pressure line.
c) Constant rate of strain pump (CRSP). The pump has a range of 1 MPa to 7
MPa and controlled by a stepper-motor using computer software.
d) Volume change transducer. There are two types in Imperial college laboratory,
50 cc volume with a resolution of 0.01cc and 100 cc volume with a resolution of
0.02cc using the external 25mm range displacement transducer.
Local axial displacements of the sample were measured by two electrolevel
transducers. The liquid level transducers consist of an electrolyte sealed in a glass
capsule which is encapsulated in a stainless steel cylinder (Jardine et al., 1984).
Three coplanar electrodes protruding into the capsule are partially immersed in
the fluid to measure the changes in impedances produced by tilting of the capsule.
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Table 5.1: Summary of types of transducer used in this research.
Transducer Measurement
type
Capacity/range Resolution Accuracy
Pressure trans-
ducer
Cell and pore
pressure
1MPa 0.15 kPa ± 0.3 kPa
Imperial College
load cell
Deviatoric force 5kN 0.2 N ± 0.25 N
Imperial College
volume gauge
Volume change 50cc 0.001cc ± 0.003cc
Displacement
transducer
Axial strains 25mm 1 µm ±0.1%
Inclinometer Local axial
strain
15mm 5 µm -
Internal LVDT Local axial and
radial strains
±5mm 5× 10−2 µm ±0.1%
The change in the electrolevel output voltage can be converted to a change of ax-
ial displacement by using the calibration curve which was determined by using a
micrometer. The external displacements were measured using standard displace-
ment transducers with a maximum travel length of 25mm.
The control program used is Triax, the Durham University Control System which
monitored the pressures and displacements, controlled the stresses and strains,
and it has ability to control stress paths automatically.
5.8.2 Calibration and accuracy of transducers
All of the transducers and instruments were calibrated before testing commenced
and were checked throughout the testing programme. After using the calibration
equipment required, the regressions were applied over the linear portion of the
calibration data using the computer control program. A summary of the capacity
and resolution of the transducers and instruments used is presented in Table 5.1.
In regressing the calibration data a first order was used in order to find the best
fit of the data.
Errors during testing can occur from these transducers if they are not calibrated
well. It is also possible during testing for errors to occur in the measurements
which are not related to the accuracy of the instruments. For instance, the error
in measuring axial displacements which are associated with the apparatus com-
pliance or tilting and misalignment of the samples which induces non-uniform
stresses within the sample. The former problem can be avoided by local strain
measurements and latter by using a suction cap in compression and extension
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 Figure 5.14: Typical triaxial apparatus in the soil mechanics laboratory at Imperial
College.
triaxial tests.
5.8.3 Test procedures
5.8.3.1 Preparation of reconstituted samples
Reconstituted samples were obtained from slurry consolidated to σ′v=200 kPa in
the large consolidometer apparatus (details of preparation of reconstituted samples
are given in Section 5.5.3). All the test samples in this research were trimmed to
38 mm in diameter and 76 mm in height in a controlled room temperature of
around 20 ◦C using a soil lathe and trimmer. The trimmed sample was weighed to
an accuracy of 0.01gramme and length and diameter were measured with digital
vernier caliper to an accuracy of 0.01mm. Trimmings from the sample were used
for the determination of moisture content, allowing initial sample data such as void
ratio, degree of saturation, dry density and volume to be computed. These initial
data were entered into the Triax software loaded onto the computer attached to
the apparatus in order to calculate triaxial parameters for accurate control during
the subsequent test.
5.8.3.2 Initial sample set-up
After trimming and preparing the sample, the base pedestal connected to the back
pressure system was flushed with water in order to remove any air from it, the
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Figure 5.15: Cross-section of 76×38 mm triaxial apparatus (Bishop and Wesley,
1975).
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porous disc beneath the sample was boiled in order to de-air and saturate it. The
prepared sample was placed on the porous disc and the second saturated porous
disc was placed on the top of the sample. In this research saturated filter papers
were used and placed at the top, and base between the sample and the saturated
porous discs and also saturated side-drains were placed around the sample to
speed up the consolidation stage. The side-drains were lightly pressed against the
sample with the fingers, before a rubber membrane was placed over the sample
and sealed with two o-rings each end. The cell body was placed in position and
bolted, and then the cell was filled with water. After this stage the sample is ready
for starting the saturation stage.
5.8.3.3 Initial mean effective stress
Before the saturation stage, the initial mean effective, p′, was determined. To
determine p′ in the laboratory, the cell pressure was set to a greater value than
the previous consolidation stress. At this stage the back/pore pressure transducer
was linked through to the sample, but without any drainage allowed, to read the
pore water pressure response. The difference between the cell pressure applied
and pore pressure measured is the initial p′ for the test. The sample is now ready
for saturation.
5.8.3.4 Saturation stage
1. Intact samples
The initial matrix suction for the intact black sample was measured, using
the filter paper technique, to be 4.5 MPa, so a decision was made to use
an 8 MPa high pressure cell to saturate the intact samples. The system
used is shown in Figures 5.16 and 5.17. After setting up the sample, the
cell pressure was increased to 4000 kPa (close to initial suction value) until
a positive pore water pressure (pwp) response was registered at the base
and top of the sample (pwp=130 kPa at base and 100 kPa at top). Both
the cell and back pressure were then increased simultaneously by the same
rate to 4800 and 700 kPa respectively. A 50 kPa difference between the back
pressure at base and top was applied in order to induce a flow between them.
This difference was gradually increased to increase flow (so at the end of the
test the black pressures were 950 kPa and 750 kPa at base and top of sample
respectively). The B-value (∆u/∆σ) was checked at various times to assess
the level of saturation during the application of the cell pressure but it did
not increase much, always being less than 0.1 (Figure 5.18). Holding the cell
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and back pressures constant, the B-value increased from 0.1 to approximately
an average of 0.64 after more than one month (Figure 5.19(a) and (b)). As
the small sample could not be saturated over a reasonable time span, this
saturation procedure was eventually abandoned. When the test was stopped
(back pressure valves closed), the pore water pressure at base and top of
the sample increased (under constant cell pressure) by different amounts as
shown in Figure 5.19(c). In order to investigate whether this was caused
by difference in suction over the height of the sample, once the sample was
dismantled, the water content distribution over the height of sample was
determined. There were no clear trends in the distribution, with values
ranging from 16.1 to 17.3 %, (Figure 5.20). The increase in sample mass
during the saturation stage was only 0.4 grammes. At this level of water
content value, using an appropriate SWRC (i.e. plotting w versus logs),
a variation of 1% could reflect a difference in matrix suction of 1000 kPa.
However, the lack of any trend meant that no clear reason was established
for the increases in pwp.
2. Reconstituted samples
After establishing the mean effective stress, the cell and the back pressure
were increased simultaneously at the same rate (150kPa/hr), keeping the p′
constant during saturation until the pore water pressure proposed by Head’s
equation (Head and Epps, 1986) was reached.
ub = 4965(1− Sro) (5.42)
where ub= pore water pressure required to saturate the sample, Sro= initial
degree of saturation. To ensure that the sample was fully saturated, the
B-value was checked until it was equal or greater than 0.96. The B-value
was determined by closing the drainage and isotropically increasing the cell
pressure and recording the response of the pore water pressure (see Figures
5.21 and 5.22). The sample was then ready for the consolidation stage.
5.8.3.5 Consolidation stage
Two types of consolidation were used in this research, isotropic andKo-consolidation.
The isotopic consolidation is easier to perform than Ko-consolidation but the latter
has the advantage of simulating in-situ conditions more closely.
 Isotropic consolidation stage
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 Figure 5.16: 8 MPa triaxial apparatus at Imperial College laboratory.
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 Figure 5.17: Cross-section of 8 MPa triaxial apparatus.
 
Figure 5.18: Change of B-value with cell pressure during test on intact unsaturated
sample.
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 (a)
 
(b)
 
(c)
Figure 5.19: Changes of B-values with (a) cell pressure, (b) time and (c) cell
pressure versus pwp during attempts to saturate intact unsaturated sample.
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Figure 5.20: Distribution of water content over the height of sample after aban-
doning the test.
 
Figure 5.21: Changing of B-values during saturation stage for black soil samples.
In this stage, after sample saturation, the cell pressure was increased to a
certain value while keeping the pore water constant to achieve the required
mean effective stress (see Figure 5.23). After sample consolidation, a period
was allowed for any creep to reduce to an acceptable level prior to shearing.
Creep was computed for both axial strain (using the internal local strain de-
vices) and volumetric strain. The creep period was continued until the axial
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 Figure 5.22: Changing of B-value during saturation stage for red soil samples.
 
Figure 5.23: Stages of triaxial test (isotropic consolidation).
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 Figure 5.24: Stages of triaxial test (Ko-consolidation).
and volumetric strains rates were less than one hundredth of the shearing
rate that was to be used.
 Ko-consolidation test
The majority of triaxial tests on normally consolidated or lightly overconsol-
idated reconstituted and remoulded soils were performed on samples initially
isotropically consolidated before being sheared in compression or extension
under drained or undrained conditions. In situ, soils are usually consol-
idated/swelled one-dimensionally with zero horizontal strain (i.e. by Ko-
consolidation, where Ko is the coefficient of earth pressure at rest). Many
researchers have found that the stress-strain behaviour of a Ko-consolidated
clay during shearing is very different to the behaviour of the same clay con-
solidated isotropically. Current methods of Ko-consolidation are, either to
use a lateral displacement sensing device around the sample (e.g. a radial
belt) which allows direct control of lateral strains and measurement of Ko,
or the method described by Saada (1970) which is dependent on volume
change and axial strain (indirect method). Saada’s method depends on the
principle that the ratio of water expelled from the sample (mm3) to its ver-
tical axial deformation (mm) equals the initial cross-sectional area (mm2)
and should be kept constant during consolidation. Both methods are rather
complicated and normally require long consolidation time periods. To esti-
mate the Ko value in a triaxial test on a given material, a trial and error
procedure can be followed to control zero lateral straining during consoli-
dation until a ratio of a εvolumetric/εaxial close to unity is achieved. While
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Table 5.2: Rate of loading used during Ko-consolidation (Siddique and Hopper,
1995).
Drainage condition Rate of loading (kPa/hr)
Drainage from both ends and radial
boundary of sample
2.0
Drainage from one end and radial
boundary of sample
1.0
Drainage from only radial boundary of
sample
Less than 1
carrying out Ko-consolidation under continuous loading, the rate of loading
being applied is an important factor for achieving the correct value of Ko.
Consolidation at a slow rate permits sufficient time for dissipation of excess
pore water pressures within the sample.
Siddique and Hopper (1995) proposed rates of loading duringKo-consolidation
under three different drainage conditions when they investigated London
Clay samples. They used numerical analysis to determine a suitable rate of
loading the London Clay samples. They found that the generation of excess
pore pressures depends on the drainage conditions provided and the rate of
loading during consolidation. In order to keep any build-up of pore pressures
within acceptable limits (less than 5%), they suggested that the rates shown
in Table 5.2 be used during Ko-consolidation. The rate used in this research,
which was controlled by displacement, was 0.0004 mm/minute. This rate is
equivalent to 0.5 kPa/hour when using loading control. Figure 5.24 shows
the stages of consolidation during Ko-condition.
The normally-consolidated Ko values for the black and red soils tested were de-
termined using a trial and error method, keeping lateral strains zero during con-
solidation. Figures 5.25 and 5.26 illustrate this iterative procedure. In Figure
5.25, the first consolidation stress path followed was for a K (=σ′r/σ
′
a) value of
0.60 (for the black soil). This gave a vol/a ratio of about 1.70. As zero radial
strain corresponds to vol/a =1, this indicated that the ram pressure was too low
and the K value too high. K was gradually decreased and when equal to 0.57, the
vol/a ratio came close to unity and consequently this value was used as Ko for all
subsequent tests on the black soil (e.g. see Figure 5.26). Figure 5.27 summarizes
the relation between volumetric and axial strain during consolidation for the tests
on black soil samples. All the curves follow very well the line vol=a (σr=0) and
therefore confirm the choice of Ko=0.57 for the black soil. The direct method
(radial belt measurement) was also used to double-check the correct value of Ko
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 Figure 5.25: Change of volumetric strain versus axial strain during Ko-
consolidation of the black soil sample Ko-S3.
during consolidation. Using the same approach, the Ko value of red soil was found
to be 0.59.
5.8.4 Undrained shearing test
All compression and extension tests performed were sheared undrained, because
both the black and red clays tested in this research have very low values of per-
meability. All undrained compression and extension shearing was performed at
an axial strain rate of 5%/day. Tests were terminated after an axial strain of 20%
was reached or earlier if the full travel of the loading ram was reached.
5.8.5 Calculation and correction of triaxial test data
Triaxial test data went through various stages of processing in order to achieve
accurate and reliable results during all stages of the test (saturation, consolidation
and shearing). The corrections procedures applied to the data are as follows.
5.8.5.1 Area corrections
 Barrelling
The correction of area due to increasing axial strain in an undrained test is
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 Figure 5.26: Stress path for Ko-consolidation (test Ko-S3 on black soil).
 
Figure 5.27: Change of volumetric strain versus axial strain for all tests on the
black soil during Ko-consolidation.
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necessary for the accurate determination of deviator stress.
(σ1 − σ3) = P
A0
100− εa
100
× 1000 (5.43)
where (σ1− σ3) is the corrected deviator stress (kPa), P is the applied axial
force (N)
A0 is the initial area of sample in (mm
2)
εa is the axial strain (%)
In the drained stages (saturation and consolidation) the corrected deviator
stress is given by.
(σ1 − σ3) = P
A0
100− εa
100
× 1000
1− ∆V
Vc
(5.44)
where ∆V
Vc
is the volumetric strain;
Vc is the volume at the start of compression/swelling (in case of consolida-
tion/saturation).
 Single slip plane
Area corrections for when a shear plane is formed across the sample are
much more difficult to apply than for a bulging form. Head and Epps (1986)
noted that when a failure plane forms during shearing, the effective plan
area, used for calculating axial stress, decreases as axial strain increases. The
mechanism of movement is described in Figure 5.28(a) to (d). Each overlap
shaded area is a segment of a circle of radius R = D/2 subtending an angle
2β (radians) at the centre. The area of each segment can be calculated using
the following equation.
Asegment =
1
2
R2(2β − sin 2β) (5.45)
Then the plan area of overlap, As, can be calculated from the following
equation
As =
1
2
D2(β − sin β cos β) (5.46)
The angle β depends on the horizontal displacement x and from Figure 5.28:
cosβ=x/D, axial strain εs=∆L/L and x = ∆Ltanθ=εsLtanθ. Therefore
cos β = εs
L
D
tan θ (5.47)
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Figure 5.28: Area correction due to single-plane slip: (a) mechanism of slip, (b)
area of contact between the portions of the sample, (c) projected area of contact,
(d) displacement along slip surface related to vertical deformation (Head and Epps,
1986).
As the L:D ratio of the sample is 2:1 then
cosβ = 2εstanθ (5.48)
In order to perform corrections to samples of any diameter it is better to use
the area ratio As/A, where A is the area at the start of slip (= (piD
2)/4),
and As is the contact area at a certain axial displacement during slip. The
area ratio is given by
As
A
=
2
pi
(β − sin β cos β) (5.49)
The slip area factor, fs, by which the deviator stress must be multiplied to
obtain the correct value of stress can be written as:
fs =
pi
2(β − sin β cos β) (5.50)
where β is measured in radians.
Head and Epps (1986) suggested that for samples of a different ratio (height
to diameter), the strain can be multiplied by L/2D, and noted that if slip
along a surface of shear does not begin from zero strain, the area A at which
it does begin should be calculated from the barrelling equation (Equation
5.44). He estimated the onset of slip by measuring the displacement along
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the slip surface and the angle of slip. He derived an approximate correction
factor which is given by:
fs = [1 + (0.06θ× εs%
100
)] (5.51)
where εs is the strain measured from point at which slip starts. This ap-
proximate of correction is applicable providing εs does not exceed 15% and
θ lies between 27 ◦ and 35 ◦.
5.8.5.2 Membrane corrections
Bishop and Henkel (1957) reported that rubber membrane corrections should be
applied to the axial stress and not to the lateral pressure and if (σ1 − σ3)m is the
measured compression strength, then the actual compression strength (σ1−σ3) of
the sample will be given by
(σ1 − σ3) = (σ1 − σ3)m − piDMε(1− ε)
A0
(5.52)
where D= the initial diameter of the sample;
M= the compression modulus of the rubber membrane, per unit width;
A0= the initial cross-sectional area of the specimen.
Bishop and Henkel (1957) noted that the compression modulus M cannot be mea-
sured directly on a thin membrane but its value may be assumed to be similar to
that measured in extension. The M value was determined for the rubber mem-
branes used in this research by using the loading system and frame shown in Figure
5.29. The membrane was placed between two rods connected to the loading frame,
loading increments were added and the corresponding displacements recorded us-
ing a digital caliper. The relationship between the load and strain is plotted in
Figure 5.30. The modulus used for the calculation was the slope at 10% strain
which was found to be 0.35 kN/m (thickness of membrane=0.3mm).
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Figure 5.29: Apparatus to measure the membrane modulus M (Bishop and Henkel,
1957).
142
 Figure 5.30: Test results to calculate extension modulus M for membrane correc-
tion.
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Chapter 6
Engineering properties of the
black and red Sudanese clay soils
6.1 Introduction
Natural disturbed soils were collected from two locations near to Khartoum: a
black cotton clay from El Gereif and a red clay from Wadi Madani, both of which
are expansive soils. These soils were dug by hand with a pick from the base of 2m
deep pits formed to cast pad footings for residential housing (Figure D1 in Ap-
pendix D). In the case of the black cotton clay soil it was also possible to excavate
undisturbed block samples from the same depth to investigate the in-situ proper-
ties of the black soil (there was not the same opportunity to collect block samples
of the red soil). The trimmed soil block was quickly wrapped with clingfilm and
brushed with molten wax to minimise the rapid loss of the soils natural moisture
content under the hot tropical weather as the sampling operations progressed. For
simplicity the soils are, referred to as the ‘black soil’ and ‘red soil’ throughout the
thesis.
In this chapter, the results obtained from laboratory tests (including classifica-
tions, oedometer, and triaxial tests) are presented and discussed. For classification
purposes, the soils’ particle size distribution, mineral composition, specific gravity,
Atterberg limits, Proctor compaction curve and organic content were determined.
A series of oedometer consolidation and triaxial tests were carried out on reconsti-
tuted samples and the natural undisturbed samples to investigate their intrinsic
and natural engineering behaviour and properties. The SWRC of reconstituted
samples made from slurry are discussed in Chapter 7 where the behaviour of the
soils in response to drying and wetting processes is investigated.
Throughout this chapter the characteristics and various responses of the two soil
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Table 6.1: Grain size distribution results
Type of soil Gravel (%) Sand (%) Silt (%) Clay (%)
El Gereif (black soil) 4 22 26 48
Wadi Madani (red soil) 4 8 38 50
types are compared and contrasted. The preparation methods for forming re-
constituted samples, along with the experimental arrangements and the testing
procedures are described and discussed in Chapter 5.
6.2 Characterization
6.2.1 Particle size distribution
Two methods were used to obtain the particle size distribution of the natural
disturbed clay soils, wet sieving (cohesive soils) and hydrometer methods. Both
methods were carried out according to British Standards (BS 1377:Part 2:1990).
Particles size distributions were analyzed to determine the relative percentage of
gravel, sand, silt and clay in each soil. The particle size distributions of the two
soil types are presented in Figure 6.1 and Table 6.1.
The results show that both black and red soils contain the same small amount
of gravel (4%) which is less than 4mm in size and so fine (small stone fragments)
and almost the same percentage of clay (around 50%) with different contents of silt
and sand. The black soil has 22% of sand compared with 8% for the red soil and
26% of silt compared with 38% for the red soil. The percentages of fine particles
(<63µm) were obtained by using hydrometer sedimentation method. To join the
grading curve from the wet sieving with the sedimentation curve from hydrometer
analysis, the sedimentation curves of fines were factored (to substitute for the
percentage of fines that were washed away). Sodium hexametaphosphate, which
is a dispersing agent, was used during both wet sieving and hydrometer analyses.
According to BS5930 (1999) the black soil would therefore be described as a sandy
silty clay with occasional gravel and the red soil a slightly sandy very silty clay
with occasional gravel.
6.2.2 Mineralogical composition
X-ray diffraction is the most common technique used to study the characteristics
of crystalline structure and to determine the mineralogy of fine grained sediments,
145
010
20
30
40
50
60
70
80
90
100
0.0001 0.001 0.01 0.1 1 10 100
P
E
R
C
E
N
T
A
G
E
 (
%
)
SIEVE SIZE (mm)
Black soil
Red  soil
Hydrometer
Sedimentation 
(<0.063mm)
Wet Sieving method 
(>0.063 mm)
Clay Silt Sand Gravel
Figure 6.1: Particle size distributions for black and red clay soil.
especially clays. In this study, X-ray diffraction was used to investigate the miner-
alogical composition of the clay soils. In order to identify their clay mineralogies,
the samples were exposed to four different conditions: air-dried, treated with
ethylene glycol, heated to 400 ◦C, and heated to 550 ◦C. Each of these conditions
defines a specific type of mineral. For instance, to classify the chlorite group,
chlorites have their 001 peaks at 14 to 14.4 A˚ngstroms (1 A˚ngstrom = 1.0 ∗ 10−10
metre), peak positions are unchanged by solvation with ethylene glycol, or heating
up to 500 ◦C but heating above this level alters peak intensities (see Figure B.1
Appendix B). Ethylene glycol is used as an auxiliary treatment to expand swelling
clays. As a mineral expands the amount of expansion can provide essential sup-
plementary information, aiding clay-mineral identification such as with smectites,
e.g. defining montmorillonite, nontronite (Poppe et al., 2001).
Poppe et al. (2001) also reported that heat treatments at various temperatures
are commonly used to help identify clay minerals by revealing changes in crystal
structure spacings or loss of the structure. Depending on the temperature and the
mineral species, these treatments can collapse the structure by dehydration, or in
the case of other minerals destroy the crystal structures. However, some of the
changes caused by the heat treatments may be temporary, and partial or complete
146
Table 6.2: Results from XRD analyses regarding the clay mineralogy for the black
and red soil.
Clay mineralogy Reconstituted red soil Reconstituted
black soil
Undisturbed
black soil
Illite (%) 4 3 6
Illite-
Smectite(%)
82 with 30% Illite and
70% Smectite
79 with 30%
Illite and 70%
Smectite
84 with 30%
Illite and 70%
Smectite
Illite-Chlorite-
Smectite (%)
8 16 10
Chlorite (%) Trace Trace Trace
Kaolinite (%) 5 1 2
CalUCm car-
bonate, CaCO3
(%)
8 3 4
Table 6.3: Specific gravity results.
Location Soil Type Specific Gravity
El Gereif City Black clay 2.72
Wadi Madani City Red clay 2.78
Tropical black clay (South
Kordofan province, Sudan)
(Nawari and Schetelig, 1991)
Black clays 2.61-2.73
rehydration may occur during cooling.
The tests were performed at the Natural History Museum, London, and Table 6.2
present respectively the clay mineralogy and the calUCm carbonate content for
the black and red soils.
6.2.3 Specific gravity
The specific gravity of the soil particles was determined using the small pyknome-
ter method. The test was carried out according to BS 1377:Part 2:1990:8.3. The
average values from six samples are summarized in Table 6.3 for both clay soils.
The values of specific gravity of the clays are 2.72 for the black and 2.78 for the
red soil.
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Table 6.4: Atterberg limits and BSI classification.
Type soil El Gereif black soil Wadi Madani red soil
Liquid limit (%) 60 87
Plastic Limit (%) 29 34
Plasticity Index (%) 31 53
Activity 0.65 1.06
eL 1.63 2.42
BS classification CH CV
Figure 6.2: Plasticity chart: British system (BS 5930:1999).
6.2.4 Atterberg limits
The Atterberg limits were determined for each soil according to British Standards.
The liquid limit was established using the cone penetration method (BS 1377:Part
2:1990:4:3) and the plastic limit was determined according to BS 1377:Part 2
1990:5.3. The Atterberg limits for each soil are shown in Table 6.4.
The test results are plotted on a Casagrande chart (plasticity chart) in Figure 6.2.
The black soil has a liquid limit of 60% and is classified as a high plasticity soil
(CH), while the red soil has a liquid limit of 87% which means it is classified as a
very high plastic soil (CV). Since all the plasticity data lie above the A-line, the
two soils can be considered to exhibit clay behaviour (i.e. the soil is controlled by
a clay-type response rather than that of a silt). In order to separate the effects
of mineralogy and the amount of clay mineral present, the activities of both clays
soils were determined (see Table 6.4).
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Table 6.5: Specification of dynamic compaction tests.
Type BS1377:1990:
part4,
clause No.
Rammer
weight
(kg)
No. of
blows per
layer
No. of lay-
ers
Height of
drop (m)
Standard 3.3 2.5 27 3 0.30
Heavy 3.5 4.5 27 5 0.45
Table 6.6: Properties of compacted soils.
Type soil Standard compaction (light) Heavy compaction
OMC (%) MDD(t/m3) OMC (%) MDD(t/m3)
El Gereif soil
(Black soil)
17.0 1.645 12.6 1.755
Wadi Madani
soil (Red soil)
21.0 1.570 13.6 1.725
n.b. OMC= optimum moisture content, MDD= maximum dry density
6.2.5 Dynamic compaction test
The samples were compacted following the procedures described by BS 1377: Part
4:1990. The general specifications of the methods used are shown in Table 6.5. A
sample of soil is mixed at a given water content and then placed in a container
in a number of layers. A compactive effort is applied to each layer. The results
for the black and red soils are presented in Figures 6.3 (a) and (b). From these
figures the optimum moisture content and maximum dry density of samples for
the two different compaction efforts have been determined as shown in Table 6.6.
Values are well defined for the black soil and the heavy compaction results for the
red soil. There is less variation in dry density for the light compaction results for
the red soil although it is possible to define a peak. The black soil compacts to
higher dry densities than the red soil for both compaction methods. This is also
reflected by the higher OMC values for the more plastic red soil.
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Figure 6.3: Compaction test results for (a) black soil and (b) red soil.
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Figure 6.4: One-dimensional consolidation results (from consolidation from slurry
in 9” consolidometer).
Table 6.7: Properties of consolidometer samples.
Sample Initial properties After consolidation to 200kPa
w(%) e Sr (%) w/LL w (%) e Sr (%)
Black soil 88 1.83 100 1.47 37.94 0.96 100
Red soil 138 4.72 100 1.59 48.99 1.37 100
6.3 Oedometer tests
6.3.1 Behaviour of reconstituted samples
6.3.1.1 Soil response during initial consolidation
One-dimensional consolidation was carried out to form reconstituted samples which
were made from slurry using the procedure described in Section 5.5. During con-
solidation in the consolidometer, measurements of compression at each level of
applied load were made and are plotted in Figure 6.4. The slurry sample proper-
ties before and after consolidation are presented in Table 6.7. It should be noted
that only samples for triaxial and osmotic oedometer testing were prepared from
these reconstituted cakes.
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6.3.2 One-dimensional compression behaviour
Initially oedometer tests were performed on reconstituted samples cut from the
cake prepared from slurry following the procedure specified in BS 1377:Part 5:1990.
However, after processing the results there were concerns that the side friction in
the large consolidometer was having a significant effect on the stress applied to the
reconstituted sample. Therefore new tests were performed, using a conventional
oedometer, starting from a slightly lower water content (1.25 LL) and hence void
ratio, for both soils to establish their intrinsic properties. The 1-D consolidation
intrinsic curves presented as void ratio, e, coefficient of volume compressibility,
mv, coefficient of consolidation, cv, and coefficient of permeability, k, all plotted
against log σ′v are shown in Figures 6.5(a), 6.5(b), 6.5(c), and 6.5(d) respectively.
The compression behaviour of the reconstituted samples prepared from slurry as
proposed by Burland (1990) can be summarized by the following points.
(i) The intrinsic compression lines (ICL) of reconstituted samples of both soils
given in terms of e-logσ′v exhibit similar relationships (Figure 6.5(a)). By
comparing the intrinsic curves in Figure 6.4 and 6.5(a) it can be seen that
the side friction effects were appreciable (especially for the red soil).
(ii) The void ratio of the red soil is higher than that of the black soil at any given
value of σ′v. The most likely reason is that the red soil has greater plasticity
and percentage of fine material than the black soil (the void ratio of a 1-D
normally consolidated natural clay at a given stress level depends on the
nature and amount of clay minerals present).
(iii) The swelling behaviour of the reconstituted samples is similar for both soils.
Their intrinsic swelling lines (ISL) (slope at an overconsolidation ratio of 10)
show linear relationships.
(iv) The red soil is marginally more compressible than the black soil (Fig.6.5(b)).
During the loading stage, the initial values of mv of both samples were
highest at low stress levels as would be expected. As the load increases, the
mv values drop significantly as the samples become denser. The mv values
for both soils also appear to converge at high stress levels.
(v) The black soil has greater values of coefficient of consolidation (cv) than the
red soil (Fig. 6.5(c)). This would be expected as the black soil has a greater
sand content and so needs less time to consolidate compared with the red soil.
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Table 6.8: Intrinsic properties of reconstituted samples.
Sample e100
∗ e1000∗ Cc* Cs* eL
El Gereif (Black soil) 1.15 0.65 0.50 0.08 1.63
Wadi Madani (Red soil) 1.53 0.83 0.70 0.07 2.42
The coefficient of consolidation (cv) of both soils decreases with increasing
the effective vertical stress (σ′v) as would be expected and values for both
soils are gradually converging.
(vi) In terms of coefficient of permeability, k, the red soil has lower permeability
than the black soil because the red sample has more fine-grained particles,
and the value of coefficient of permeability (k) of both soils decreases with
increasing effective vertical stress (σ′v). As values of both mv and cv converge
with increasing stress and k is based directly on these quantities, it is not
surprising that k converges for both soils.
The results show that the total consolidation strains are εa=34.9% for the black
sample and εa=41.0% for the red sample. Table 6.8 and Figure 6.6 show that the
intrinsic properties of both reconstituted black and red soils are consistent with
the values quoted by Burland (1990) for classic sedimentary clays with Atterberg
limits lying above the A-line. The fact that the points for both soils lie above the
general range of Cc data points for other soils in Figure 6.6(b) suggests they have
slightly greater intrinsic compressibility.
6.3.3 Behaviour of intact samples
Undisturbed block samples of black soil (28 kg) were brought to the Imperial Col-
lege soils laboratories from the El Gereif area. A series of tests was carried out in
the oedometer in order to investigate the expansiveness potential of the black soil.
Samples were loaded to different levels of stress, flooded and subsequently loaded
further and then unloaded in what has been assumed to be a fully saturated state
(details in Section 5.6.3.2). In this way it has been possible to: (i) assess the
ranges of stress in which the soil experiences swelling and collapse during flood-
ing; (ii) determine the stress-strain path during swelling under different levels of
loading; (iii) obtain a general stress-strain plot similar to that presented by Justo
et al. (1984) (see Figure 6.7). The soil from the block samples had a low initial
water content (w0 = 16%) and degree of saturation ranging between 60 to 70 %.
The matrix suction was also measured using the filter paper techniques and found
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Figure 6.6: Relationships between eL and constants of intrinsic compressibility
e100
∗ and C∗c (After Burland, 1990).
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Table 6.9: Initial properties of the intact samples before the oedometer test.
Sample
no.
wi(%) Sr(%) e γb
(kN/m3)
I1 16.1 75.5 0.58 19.58
I2 16.7 69.0 0.66 18.40
I3 16.2 62.9 0.70 17.89
I4 16.0 73.8 0.59 19.49
I5 16.7 72.2 0.63 19.08
I6 17.7 71.7 0.67 18.75
I7 17.7 74.5 0.65 19.02
I8 16.4 66.5 0.67 19.58
I9 17.1 61.9 0.75 17.83
I10 16.5 71.5 0.63 19.14
I11 117.0 74.7 0.62 19.29
to be around 4.5 MPa. Table 6.9 shows the initial properties of the intact black
samples before the oedometer test.
The stress paths (in terms of normalised void ratio versus net and total stress)
of samples I1, I2, I3, I4, I5, I6, I7, I8, I9, I10 and I11 are presented in Figures
6.8 and 6.9, and the corresponding plots of volumetric strain with time after
flooding are shown in Figures 6.10 and 6.11. In these figures the samples have
been divided up into those which swelled (I1 to I8) and those which contracted (I9
to I11), negative values of volumetric strain represent net expansion and positive
values net compression. Figures 6.8 and 6.9 show that all the expansion curves
look similar in shape and the degree of swelling gradually reduces with loading
up to 1 MPa. At pre-flooding loads greater than 1MPa small degrees of collapse
occurred (Figures 6.9 and 6.11). Figures 6.10 and 6.11 show that the changes
in volumetric strain with time after flooding reduce as the applied vertical total
stress was increased. The change in degree of swelling with soaking pressure is
presented in Figure 6.12 which shows that the lower the applied vertical stress the
greater the swelling. It is observed from Figure 6.10 that, the time required for
the sample to reach the saturation state (equilibrium state) is dependent on the
level of loading (lower loads required longer time periods to reach an equilibrium
state) and it can be seen that the degree of saturation prior to flooding increases
as the total vertical stress increases as shown in Figure 6.13.
Figure 6.10 shows that under a light stress of 1.8 kPa, sample I1 swelled to a
maximum volumetric strain of -48% after which it was loaded in a fully saturated
state. The stress path of sample I1 (e/e0 vs logσ
′
v, Figure 6.8) clearly has the
157
steepest slope compared with other the samples loaded to higher values prior to
flooding, implying that the compressibility at low swelling pressures is higher than
at greater levels of stress. Compression (slope of linear portion of loading curve)
and expansion indices (Cc and Cs) were determined for the subsequent loading
paths after soaking and are plotted against soaking stress in Figure 6.14. The
compressibility reduces as soaking net vertical stress increases while the expansion
index seem to be independent of the soaking stresses as values remain roughly
constant (0.10-0.15) with increasing soaking vertical stresses.
To distinguish between swelling and collapse zones, a double oedometer test was
proposed by Jennings and Burland (1962) in which two samples are loaded using
oedometers, one under natural moisture conditions and the other after flooding.
Figure 6.15 shows the curve obtained from soaking samples subjected to different
degrees of loading. The resulting ‘soaking under loading curve’ (as described by
Justo et al. (1984), Figure 6.7) can be represented by a power function.
e
e0
= 2.955 ∗ (log σv ′)−0.155 (6.1)
From the oedometer tests on samples of the undisturbed black soil, the following
observations can be drawn.
(i) The shape of the ‘soaking under loading curve’ is concave up (decreasing)
while the curve obtained by Justo et al. (1984) is an S-shaped curve.
(ii) The swelling pressure, which is the intersection between ‘soaking under load-
ing curve’ and natural moisture content curve, is around 1MPa.
(iii) The final expansion is much less when the soil is unloaded under natural
moisture conditions compared with the soil soaked under load and then
unloaded (Figures 6.8 and 6.9).
(iv) The shape and slope of the final expansion curves are unaffected by the
collapse behaviour after 1 MPa (Figure 6.9).
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 Figure 6.7: Soaking tests on compacted El Arahal soil (Justo et al., 1984).
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 Figure 6.8: Stress-strain paths in term of e/eo vs logσ
′
v of samples I1, I2, I3, I4,
I5, I6, I7 and I8 (swelling).
 
Figure 6.9: Stress-strain paths in term of e/eo vs logσ
′
v of samples I9, I10, and I11
(contracting).
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 Figure 6.10: Swelling volumetric strains with time after flooding under a constant
vertical stress of samples I1 to I8.
 
Figure 6.11: Collapse volumetric strains with time after flooding under a constant
vertical stress of samples I9 to I11.
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6.4 Triaxial testing
As described in Section 5.5, reconstituted samples were obtained from slurry con-
solidated to σ´v=200 kPa in a consolidometer apparatus. Ignoring the friction
between the inner wall of the consolidometer and the slurry sample, the compres-
sion process should follow a Konc path and Konc can be estimated by:
Konc = 1− sinφ′ (6.2)
The samples were cut from the cake sample, trimmed to required sizes, weighed
and their dimensions measured before setting them up in the triaxial cell. Satu-
ration and consolidation stages were carried out before shearing at a given rate.
Isotropically, normally consolidated undrained triaxial compression and extension
tests were performed in this research. Equilibrium periods were allowed at the
end of each stage for the samples to dissipate excess pore pressures with the cell
and back pressures held constant. Creep periods were also held prior to shearing
until the axial (reading of internal inclinometers) or volumetric strain rate was
less than one hundredth of shearing rate to be used.
6.4.1 Behaviour of reconstituted samples
6.4.1.1 Isotropic consolidation stage
In the isotropic consolidation stage, a consolidation path was not fully generated
because an equal all-around effective stress was applied at a very fast rate, so
only the beginning and the end of the path were defined. The isotropic pressure
applied to a sample produces a change in volume ∆V , giving a volumetric strain
εv = 4V/Vo. The effective drained bulk modulus, K ′, can be computed as
K ′ =
∆σ′
∆εv
(6.3)
From the isotropic consolidation stage, the overall average bulk modulus values
are presented in Table 6.10. The data from the consolidation stages for all samples
of the black and red soils indicate a very low coefficient of permeability (k ≈ 10−12
m/s) and coefficient of consolidation (cv ≈ 0.02m2/year).
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Table 6.10: Average drained bulk modulus during isotropic consolidated stage.
Initial con-
dition
Black soil samples Red soil samples Type
of
test
pi(kPa) 100 250 400 550 100 250 400 600
Effective
bulk modu-
lus (MPa)
0.639 1.987 2.858 3.621 0.471 1.514 1.873 2.801 UC
Effective
bulk modu-
lus (MPa)
0.816 2.949 3.244 3.795 0.565 1.851 2.186 2.955 UE
Table 6.11: Details of isotropic consolidated undrained shearing tests before shear-
ing.
Initial con-
dition
Black soil samples Red soil samples Type
of
test
pi(kPa) 100 250 400 550 100 250 400 600
w(%) 57.40 38.59 37.55 37.48 61.21 48.00 47.03 47.98 UC
e 1.679 1.060 1.021 1.019 1.754 1.362 1.321 1.334 UC
Sr(%) 93 99 100 100 97 98 99 100 UC
γb (kN/m
3) 15.67 17.98 18.20 18.14 15.85 17.06 17.24 17.33 UC
w(%) 52.24 36.40 35.22 35.22 69.47 45.78 46.15 46.15 UE
e 1.435 0.990 0.968 0.968 1.991 1.273 1.283 1.283 UE
Sr(%) 99 100 99 99 97 100 100 100 UE
γb (kN/m
3) 16.71 18.33 18.35 18.34 15.36 17.52 17.37 17.42 UE
6.4.1.2 Undrained shearing
After the samples were isotropically consolidated, undrained compression or ex-
tension shearing stages were performed at an axial strain rate of 5%/day. These
tests were terminated after an axial strain of 20% or earlier if the limiting travel of
the loading ram was reached. Table 6.11 shows the initial properties the samples
at the start of the shearing stage.
6.4.1.3 Undrained shear strength characteristics and behaviour of black
soil
Stress paths of the undrained shearing tests in a q-p′ space of the black soil samples
are presented in Figure 6.16. The relationships of deviator stress, stress ratio, and
pore water pressure change against the axial strain for these tests are presented in
Figures 6.17, 6.18 and 6.19. The following observations can be made from these
figures.
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(i) The stress paths of all samples traverse to the left from their initial isotropic
state with regular inclinations as q increases. This is a typical undrained
response for normally consolidated soils where pore pressures increase during
shearing.
(ii) They reach failure with a clearly defined maximum deviator stress (q) value.
After failure the stress paths turn suddenly as the q values drop significantly.
(iii) According to the p′-q plot in Figure 6.16, it can be seen that a straight line
projected from the origin passes through the points of maximum stress of
samples starting at p′ of 100, 250, and 550 kPa. These three samples exhibit
a common peak failure envelope with ηpeak =1.026 and the gradient of the
proposed critical state line, M=0.783. Assuming a linear Mohr-Coulomb
failure envelope, the strength parameters of the black soil at peak state are
the angle of internal shearing resistance φ′peak = 26.0° and c
′
peak = 0 kPa. The
strength of the sample consolidated to p′ of 400 kPa is slightly less. Generally
it would be expected that c′ = 0 for a normally consolidated reconstituted
sample.
(iv) In the same Figure 6.16, the extension test stress paths exhibit almost mirror
images of the compression stress paths. All the samples sheared in extension
exhibit a lower peak stress ratio at ηpeak = −0.853 for which φ′peak = 29.8°
and c′peak = 20.2kPa. The reason for this significant strength component,
c′peak = 20.2 kPa, for the samples tested in extension is not clear. It might
result from the negative pore water pressures observed at the beginning of
shearing which would temporarily increase the effective stress of the sample
(see Figure 6.19).
(v) As the failure envelope for the black soil in extension exhibits a non-zero
intercept coefficient (c′) value, which would not be expected for reconstituted
clay, for which the stress path should pass through the origin, a curved failure
envelope has been generated using a power law function, q = −2.71p′0.826
(Figure 6.16). If the failure envelopes are taken to be curved (e.g. given
by a power function), it may also be that there is greater curvature of the
envelope at low stresses in extension.
(vi) The results presented in terms of q-εa and q/p
′
i-εa (Figures 6.17 and 6.18) in-
dicate that the samples have not reached critical state conditions as neither
q nor q/p′i values stabilize with continued straining even up to εa ≈ 20%.
This is particulary the case for the samples sheared in extension. In both
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compression and extension the deformed shape of the samples after shear-
ing to larger strains makes accurate determination of q difficult because of
barrelling or the formation of shear planes. The latter particularly occurs in
extension as is discussed later. In terms of the ∆u − εa plot (Figure 6.19),
the sample response for those sheared in compression indicate that they have
stabilized. This observation in conjunction with uncertainly of accurate q
determination might imply that a critical state has been reached for the
samples sheared in compression. Figures 6.18 and 6.19 indicate that most of
the samples have not reached critical state conditions by the end of shear-
ing as neither q, q/p′ nor excess pore water pressure values have stabilized,
even after axial strains, εa, of about 20%. However, the sample consolidated
to 550kPa and sheared in compression does appear to have reached critical
state and from this sample it might be deduced that φ′crit = 20.3° , assum-
ing that c′ = 0. A value in extension has been estimated from the sample
consolidated to 250kPa which almost reached critical state, in this case φ′crit
= 23.0° (extension). However, because of the uncertainty in defining the
critical state, the critical state envelope is not marked in Figure 6.16.
(vii) In the stress-strain, q − εa plot, peak strength occurs within axial strain
ranges of 5.2-5.7 % for compression and 6-10 % for extension. The peak
strength is not as well defined as with the stress path plots.
6.4.1.4 Undrained stiffness characteristics of black soil
The undrained secant Youngs modulus, Eu, can be determined from.
Eu =
∆q
∆εa
(6.4)
The secant stiffness values have been normalized with respective p′i values (p
′
i be-
ing the mean effective stress at the start of shearing) and are plotted against axial
strain (Eu/p
′
i − εa) in Figure 6.20. The following observations can be made.
(i) The normalised undrained Youngs modulus exhibits scatter at very small
strains (<0.01%), but this reduces significantly beyond this strain level.
Stiffness values generally converge at strain levels of about 0.1%.
(ii) Normalising by p′i results in a reasonable grouping of stiffness values with
almost full convergence at axial strains greater than 0.07 % regardless of the
effects of different p′i values.
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 Figure 6.16: Triaxial test results for black soil: stress paths during shearing ex-
pressed in p′-q space.
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  Figure 6.17: Triaxial test results for black soil, results from shearing stage ex-
pressed as q-axial strain.
 
 
Figure 6.18: Triaxial test results for black soil, results from shearing stage ex-
pressed as stress ratio-axial strain.
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Figure 6.19: Triaxial test results for black soil, results from shearing stage ex-
pressed as change in pore water pressure-axial strain.
 
Figure 6.20: Triaxial test results for black soil, results from shearing stage ex-
pressed as Eu/p′i-axial strain.
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(iii) Reconstituted samples sheared in compression and extension exhibit the
same normalised undrained moduli regardless of the shearing mode.
6.4.1.5 Undrained shear strength characteristics and behaviour of red
soil
Figure 6.21 shows the stress paths from the undrained shearing stages of the
soil red samples, expressed in q-p′ space. The relationships of deviator stress,
stress ratio, and pore water pressure change against axial strain for the shearing
stages are presented in Figures 6.22, 6.23 and 6.24 respectively. Many similar
observations can be made to those for the black soil. It should be recalled that
the red soil is more plastic than the black soil just discussed. The following
observation can be made.
(i) Stress paths traverse to the left from their initial isotropic state with regular
inclinations as q increases, and reach failure with a clearly defined maximum
deviator stress (q) value. After failure the stress paths turn suddenly as the q
values drop significantly. The gradient of the peak strength failure envelope
(stress ratio) is 0.771 and critical state line M=0.600 (c.f. respective values
of 1.026 and 0.783 for black soil). The shear strength parameters for the red
soil at peak are φ′peak=20° and c
′
peak = 0kPa in compression (c.f. 26.0° and
0 kPa for the black soil).
(ii) In extension, the gradient the maximum stress ratio is 0.788 and of the critical
state line M=0.64 (c.f. respective values of 0.853 and 0.690 for the black soil).
The shear strength parameters of the red soil at peak state in extension are
φ′peak=27.0° and c
′
peak = 12.0kPa (c.f. 29.8° and 20.2 kPa for the black soil).
(iii) The strength of red soil is therefore lower than that of the black soil. The
most likely reason for this is that the red soil has more fine-grained clay
particles and is more plastic than the black soil.
(iv) All sample responses were very similar to those for the black clay soil. Shear
strength parameters for the red soil at peak in compression are φ′peak=20°
and c′peak = 0kPa in compression (c.f. 26.0° and 0 kPa for the black soil)
and in extension φ′peak=27.0° and c
′
peak = 12.0kPa (c.f. 29.8° and 20.2 kPa
for the black soil). In fact the maximum strength of the sample consolidated
to 100kPa and sheared in compression and that consolidated to 250kPa and
sheared in extension lie above the failure envelopes, indicating again that the
failure envelopes might be better modelled using a power function passing
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through the origin (i.e. with c′ = 0). The parameters above indicate that
the strength of red soil is lower than that of the black soil which can be
attributed to its greater percentage of fine-grained clay particles and greater
plasticity. As with the black soil samples, in most tests it appears that the
critical state was not reached, except for the samples consolidated to 400kPa
and sheared in compression and extension, both of which were sheared to
εa > 20% (Figures 6.22 and 6.23). Assuming that c
′ = 0, it can be deduced
that φ′crit=15.8° (compression) and φ
′
crit=20.8° (extension). However, again
because of the uncertainty in defining the critical state, the critical state
envelope is not marked in Figure 6.21.
(v) Once again failure envelope for the red soil in extension exhibits a non-zero
intercept coefficient (c′) value which would not be expected for reconstituted
clay. A curved failure envelope has been generated using a power law func-
tion, q = −3.13p′0.788 (Figure 6.21). Samples sheared in extension don’t seem
to have reached critical state as both pore water pressure and q/p′ values
have not stabilized.
(vi) Similar observations about the normalised stiffness values with increasing
axial strain can be made as for the black soil (see Figures 6.25 and 6.20
respectively). The red soil samples sheared in compression exhibit lower
normalised undrained Young’s modulus than the black soil samples.
6.4.1.6 Modes of sample failure and shear band formation in black and
red soils
At the end of each test, a photograph was taken to record the mode of failure.
These pictures are presented in Figures 6.26 and 6.27 for the black soil and Figures
6.28 and 6.29 for the red soil. It can be seen that for all the samples subjected to
compression discrete (slip) failure planes formed, except the black sample with p′i
= 400 kPa which exhibited a bulging failure with rippling on the surface (Figure
6.26(c)). Possibly this is the reason for the lower observed strength for this sample
(discussed in Section 6.4.1.2 and shown in Figure 6.16). Discrete failure modes
are not usually expected with normally consolidated clay. It is the behaviour usu-
ally associated with a brittle soil (e.g. overconsolidated clay or dense sand). The
granular content within both soils may be the reason for the failure mode.
Tables 6.12 and 6.13 summarise the strength parameters and shear band angles
for black and red soils respectively. All samples were isotropically consolidated
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 Figure 6.21: Triaxial test results for red soil: stress paths during shearing expressed
in p′-q space.
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 Figure 6.22: Triaxial test results for red soil, results from shearing stage expressed
as q-axial strain.
 
Figure 6.23: Triaxial test results for red soil, results from shearing stage expressed
as stress ratio-axial strain.
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 Figure 6.24: Triaxial test results for red soil, results from shearing stage expressed
as change in pore water pressure-axial strain.
 
Figure 6.25: Triaxial test results for red soil, results from shearing stage expressed
as Eu/p′i-axial strain.
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and sheared undrained either in compression or extension denoted, UIC or UIE
respectively. αmeasured is the measured shear band angle with respect to the ma-
jor principal plane which is parallel to the horizontal plane in compression and
is parallel to the vertical plane in extension. αtheoretical is derived from the Mohr
circle plot, being the angle between the plane on which failure shears act (defined
by a line connecting the pole of planes and the failure point on the Mohr circle)
and the horizontal.
The photographs taken at the end of each test for the red samples are presented
in Figures 6.28 and 6.29. All the samples that were subjected to compression and
extension showed discrete failure planes. Tables 6.13 summarises the shear band
angles. The αmeasured values for both the black and red soils are remarkably
consistent. Table 6.14 shows summary of triaxial test results of samples were
isotropically consolidated followed by undrained shearing.
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Table 6.12: Strength parameters and measured and theoretical shear band angles
for black soil.
Test p′i (kPa) φ
′
peak(°) c
′ (kPa) αmeasured
(°)
αtheoretical(=
45 + φ′/2) (°)
UIC 250 26.0 0 53.0 58.0
UIC 400 26.0 0 - 58.0
UIC 550 26.0 0 53.0 58.0
UIE 250 29.8 20.2 54.0 56.0
UIE 400 29.8 20.2 - 56.0
UIE 550 29.8 20.2 55.0 56.0
Table 6.13: Strength parameters and measured and theoretical shear band angles
for red soil.
Test p′i (kPa) φ
′
peak(°) c
′ (kPa) αmeasured
(°)
αtheoretical(=
45 + φ′/2) (°)
UIC 250 20.0 0 54.0 55.0
UIC 400 20.0 0 53.5 55.0
UIC 600 20.0 0 54.0 55.0
UIE 250 27.0 12.0 56.9 55.2
UIE 400 27.0 12.0 58.0 55.2
UIE 550 27.0 12.0 58.0 55.2
6.4.2 Behaviour of undisturbed samples
As discussed in Chapter 5, it was not possible to saturate the natural undisturbed
samples of black soil from El Gerief even under very high pressures, because of
their high suction values at their natural water content. Therefore it was decided
to perform unconsolidated undrained tests on these undisturbed (intact) samples
in order to examine changes in unsaturated strength behaviour under different
confining pressures. The tests were carried out at confining pressures (CP) of
zero, 300 kPa and 600 kPa. As the samples were very stiff it was necessary to
trim them using a workshop lathe. Figure 6.30 shows the trimming preparation of
the intact samples. The initial suction was found to be around 4.5 MPa. Figures
6.31 to 6.34 show the results from the unconsolidated undrained tests on the
unsaturated samples. The following observations can be made from these figures.
 The sample at σ3 = 600 kPa exhibits a ductile response compared with those
at lower confining pressures which show a brittle behaviour (see Figure 6.31).
The sample at σ3 = 300 kPa appears to be more brittle than the unconfined
sample (σ3 = 0) but this may be due to the failure mode as discussed shortly.
 The values of undrained secant stiffness (Figure 6.32) have similar average
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Table 6.14: Summary of triaxial test results from isotropic consolidation and
undrained shearing in compression.
Properties Black soil sample Red soil sample
p′i (kPa) 250 400 550 250 400 600
φ′peak (°) 26.0 26.0 26.0 20.0 20.0 20.0
c′peak(kPa) 0 0 0 0 0 0
φ′cs (°) 20.3 20.3 20.3 15.8 15.8 15.8
M 0.783 0.783 0.783 0.600 0.600 0.600
qf (kPa) 156.0 215.7 288.7 118.6 163.6 213.7
εf (%) 5.2 5.2 5.7 4.9 7.7 9.4
∆u during
shearing
(kPa)
(500-
648)=148
(350-
590)=240
(200-
511)=311
(500-
638)=138
(350-
564)=214
(150-
483)=333
cv
(m2/year)
0.036 0.017 0.018 0.023 0.018 0.010
mv
(m2/MN)
0.21 0.42 0.52 0.41 0.63 0.72
k (m/s)
(∗10−11)
0.24 0.18 0.29 0.29 0.35 0.22
αmeasured
(°)
53 - 52 54 53 54
αtheoretical
(°)
58 58 58 55 55 55
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Figure 6.26: Modes of sample failure and shear band angles of black soil samples
after triaxial shearing in undrained compression (a) p′i =100 kPa, (b) p
′
i =250 kPa,
(c) p′i = 400 kPa and (d) p
′
i = 550 kPa.
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Figure 6.27: Modes of sample failure and shear band angles of black soil samples
after triaxial shearing in undrained extension (a) p′i =100 kPa, (b) p
′
i =250 kPa,
(c) p′i = 400 kPa and (d) p
′
i = 550 kPa.
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Figure 6.28: Modes of sample failure and shear band angles of red soil samples
after triaxial shearing in undrained compression (a) p′i =100 kPa, (b) p
′
i =250 kPa,
(c) p′i = 400kPa and (d) p
′
i = 600 kPa.
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Figure 6.29: Modes of sample failure and shear band angles of red soil samples
after triaxial shearing in undrained extension (a) p′i =100 kPa, (b) p
′
i =250 kPa,
(c) p′i = 400 kPa and (d) p
′
i = 600 kPa.
initial values showing considerable scatter and all show a reduction with
increasing axial strain during shearing. At an axial strain of 0.01% the data
are much better conditioned and the paths converge at about 0.1%.
 The overall trend (Figures 6.31 and 6.34 from the unconsolidated undrained
(UU) tests at different confining pressures (0, 300, and 600 kPa) is increasing
strength with increasing confining pressure.
 Assuming a Mohr-Coulomb failure envelope (Figure 6.33), the peak strength
parameters of the undisturbed samples in terms of total stresses are φpeak=21.1°
and cpeak = 340 kPa in compression. The high cohesion intercept value al-
most certainly results from the high suction (4.5 MPa) in the undisturbed
soil samples. It is well recognised in constitutive models for unsaturated soils
that suction provides an increased shear strength (e.g. Alonso et al. (1990)
and Wheeler and Sivakumar (1995))
 The relationship between peak deviator stress (q) and confining pressure is
almost linear (Figure 6.34) .
 The failure mode of unsaturated samples seems to vary depending on the con-
fining pressure (Figure 6.35). The rupture plane on the unconfined sample
is very open and coarse (Figure 6.35(a)) compared with the other samples.
This might explain the rather irregular post-peak stress-strain response seen
in Figure 6.31 (especially compared with the sample tested at CP=300 kPa).
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Table 6.15: Results from unconsolidated undrained tests (UU) on intact samples
black soil.
Sample Condition Confining stress (kPa) Sr(%) Void ratio (e) Water content (%)
1 initial σ3 = 0 78 0.56 16.02
final σ3 = 0 89 0.56 18.35
2 initial σ3 = 300 74 0.56 15.30
final σ3 = 300 76 0.56 15.70
3 initial σ3 = 600 82 0.56 16.85
final σ3 = 600 85 0.56 17.60
 It can be seen from Table 6.16 that water content and degree of saturation
increase from the start to end of the tests, implying an overall compression
and that the suction would be expected to decrease during the test.
6.5 Soil response during and after Ko-consolidation
6.5.1 Introduction
Reconstituted samples were used to investigate the Ko-consolidation behaviour
of the black and red soils. It was not possible to saturate or consolidate the
undisturbed samples of black soil because of their high suction values (around 4.5
MPa).
6.5.2 Strain rates for Ko-conditions
The samples were consolidated very slowly to avoid the development of non-
uniform pore water pressures and to monitor and control pressures to achieve
Ko-conditions. The stress paths were followed by computer control of cell pres-
sure whilst the sample was subjected to a constant axial strain rate. A suitable
axial strain rate was found to be 0.38% per day (0.0002mm/minute). After Ko-
consolidation, each sample was left to creep, the axial creep rate chosen for all
tests was 0.05% per day which is approximately one-hundredth of the shearing
rate used (5% axial strain per day, the same rate as for the isotropically consoli-
dated undrained tests).
6.5.3 Stress paths followed
The stress paths followed for black and red soils are shown in Figure 6.36. After
determining the initial p′, the axial load was gradually increased to intercept the
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 Figure 6.30: Preparation of intact samples using a workshop lathe.
 
Figure 6.31: Unconsolidated undrained test results (UU) for unsaturated samples
of black soil, expressed as q-ε.
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 Figure 6.32: Unconsolidated undrained test results (UU) for unsaturated samples
of black soil, expressed as Eu-εa.
 
Figure 6.33: Unconsolidated undrained (UU) test results for unsaturated samples
of the black soil, expressed as Mohr’s circles of total normal stress versus shear
strength.
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 Figure 6.34: Unconsolidated undrained (UU) test results for unsaturated samples
of black soil, expressed as undrained shear strength versus confining stress.
initially estimated Ko-line while the cell and back pressure were kept constant.
The axial strain was then increased to 0.38% per day while the cell pressure was
increased automatically to keep the stress path on the Ko-line. After achieving the
target consolidation level, the sample was left to creep and then sheared undrained
in compression or extension (see Figure 6.36).
Initially the value of Ko was unknown, so a trial and error approach was used in
the tests in order to find Ko experimentally. The original Ko (starting point) for
all tests was calculated using the empirical expression proposed by Jaky (1944).
Ko(nc) = 1− sinφ′ (6.5)
Values of Ko were then adjusted according to the output from the radial strain-
belt, in conjunction with the axial and volumetric strains. The radial-belt reading
to achieve Ko-conditions should be constant during consolidation, while also at
the same time the calculated axial and volumetric strains should be equal to each
other (assuming that the sample deforms as a right cylinder).
For example, for the black soil samples, the initial value of Ko was calculated
from Equation 6.5 to be 0.56 (φ′ = 26.0° ). This value was adjusted during consol-
idation until both checks were achieved (i.e. no change in radial-belt readings and
volumetric strain = axial strain). The final average Ko value for the black soil from
laboratory testing was found to be 0.57 which is very close to the value calculated
from Equation 6.5. In all the tests, the consolidation curves follow very well the
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Figure 6.35: Modes of failure and rupture planes of the intact black soil samples,
after unconsolidated undrained (UU) tests (a) σ3 =0 kPa, (b) σ3 =300 kPa and
(c) σ3 =600 kPa.
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line vol=a (σr=0) and therefore confirm the choice of Ko=0.57 for the black soil
(Figure 5.27 and Section 5.8.3.5). The direct method (radial belt measurement)
was also used to double-check the correct value of Ko during consolidation.
For the red soil the angle of internal shearing resistance at peak is equal to
φ′ = 20.0°, corresponding to a value of Ko = 0.66. The average Ko value ob-
tained from the laboratory tests was found to be 0.59. Also the compression
curves for all the tests follow very well the line vol=a (σr=0). Thus the Jaky
expression provided a good initial estimate for the Ko values, being particularly
close to that obtained from the laboratory testing for the black soil.
6.5.4 Radial strains during consolidation
The changes in radial-belt readings during Ko-consolidation of samples (3) and
(6) are plotted in Figures 6.37 and 6.38. The maximum radial strain induced in
sample (3) was 0.01% and for sample (6) 0.08% during the course of consolidation.
These radial strains are relatively small, representing less than 1.8% of axial strains
(the trace relating to sample (3) almost levels off during consolidation while the
path for sample (6) decreases to a minimum value then levels off for a period
before rising again). A decrease in the radial-belt reading implies an insufficient
Ko value (i.e. sample bulging, which suggests that Ko may increase slightly during
consolidation). At the end of Ko-consolidation, the sample was left for one to two
weeks for the creep stage.
6.5.5 Soil behaviour during consolidation
6.5.5.1 One-dimensional consolidation
The states of one-dimensionally consolidated soils can be expressed with the fol-
lowing two equations
q′ = η′op
′ (6.6)
vo = No − λolnp′ (6.7)
where ηo = q
′/p′ the stress ratio ; and No and λo define the intercept at p′ = 1kPa
and the slope of the linear portion of the one-dimensional normal consolidation
line in v− lnp′ space. The values obtained during Ko-consolidation in the triaxial
apparatus are given in Table 6.16 corresponding No and λo values obtained from
oedometer testing are also given.
For the black soil, the soil parameters during one-dimensional consolidation
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Table 6.16: One-dimensional consolidation parameters obtained from triaxial and
oedometer testings.
Sample Triaxial test Oedometer test
η′o No λo η
′
o No λo
Black soil 0.60 2.55 0.21 0.60 3.06 0.22
Red soil 0.56 4.33 0.39 0.56 5.40 0.55
related to Equations 6.6 and 6.7 correspond to Ko = 0.57 and for the red soil to
Ko = 0.59.
6.5.5.2 Comparing compressibility characteristics from triaxial and oe-
dometer testing
The compression curves of reconstituted black and red soils from triaxial and oe-
dometer tests are plotted together in Figures 6.39 and 6.45. p′ values are obtained
using the Ko values determined experimentally in the laboratory. The void ratios
are normalized by initial values in order to compare all curves. The following
observation can be made from these figures.
1. Results from the triaxial tests indicate slightly greater preconsolidation pres-
sures than those deduced from the oedometer tests. This difference might be
due to the sample disturbance associated with the different test procedures,
and also could be from the different stress paths followed (in the triaxial test
the sample may not completely follow a Ko condition).
2. The curves obtained from triaxial tests lie above those obtained from the
oedometer tests and the response of triaxial test is more stiff than that of
the oedometer test samples (especially for the red soil).
3. After yield, a broad agreement between curves from two test types is ob-
served regardless the rate of loading and path stress followed. This is also
reflected by the similarity on the λo values for the black soil given in Table
6.16.
6.5.6 Soil behaviour during undrained shearing
Results from the black and red soil samples shearing in compression and extension
following Ko-consolidation are presented in Figures 6.40 to 6.44 and from 6.46 to
6.50. The following observations can be drawn from these figures.
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Figure 6.36: Schematic representation of stress paths followed on black and red
soils.
 
Figure 6.37: Change of radial-belt reading with p′ during normal consolidation in
triaxial apparatus of samples (3) and (6).
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 Figure 6.38: Change of radial-belt reading with axial strain during normal consol-
idation in triaxial apparatus of samples (3) and (6).
 
Figure 6.39: e-log p′ curves from Ko-consolidation in triaxial and oedometer tests
on black soil.
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 Figure 6.40: Ko-consolidation test results for black soil, results from shearing stage
expressed in p′o-q space.
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 Figure 6.41: Ko-consolidation test results for black soil, results from shearing stage
expressed as q-εa.
 
Figure 6.42: Ko-consolidation test results for black soil, results from shearing stage
expressed as q/p′o-εa.
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 Figure 6.43: Ko-consolidation test results for black soil, results from shearing stage
expressed as pwp-εa.
 
Figure 6.44: Ko-consolidation test results for black soil, results from shearing stage
expressed in Eu/p
′
o-εa.
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 Figure 6.45: e-log p′ curves from Ko-consolidation in triaxial and oedometer tests
on red soil.
(i) In Figures 6.41 and 6.47, a peak deviator stress occurs at small strains afterKo-
consolidation during compression shearing, while during extension shearing
it occurs at relatively large strains.
(ii) The compression tests all exhibit a brittle response with post-peak strain
softening continuing until the end of the test, this implies that it is difficult
to determine the critical state conditions.
(iii) Figures 6.44 and 6.50 illustrate the undrained secant stiffness characteristics
in compression and in extension for black and red soils. They have been
normalized with respect to the initial mean effective stress before sample
shearing. From these figures, the stiffness values are almost the same in
compression.
(iv) Samples Ko − S4, Ko − S6, Ko − S10 and Ko − S11, sheared in extension,
exhibit higher normalised undrained moduli than the samples sheared in
compression.
(v) Table 6.17 and Figure 6.51 show that the values of Su/σ
′
vo for both clays are
consistent with values obtained for most normally consolidated clays (i.e.
0.28-0.32) (Hight et al., 1987).
Comparisons between the response of samples sheared after isotropic and Ko-
consolidation are made in Section 6.6.
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 Figure 6.46: Ko-consolidation test results for red soil, results from shearing stage
expressed in p′o- q space.
Table 6.17: Su
σ′vo
values for the black and red clay soils
Sample No. σ′vo Su Su/σ
′
vo
K0-S1 603 175 0.29
K0-S2 435 125 0.29
K0-S3 280 85 0.30
K0-S9 220 70 0.32
K0-S8 355 100 0.28
K0-S12 474 130 0.27
K0-S13 261 75 0.29
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 Figure 6.47: Ko-consolidation test results for red soil, results from shearing stage
expressed as q-εa.
 
Figure 6.48: Ko-consolidation test results for red soil, results from shearing stage
expressed as q/p′o-εa.
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Figure 6.49: Ko-consolidation test results for red soil, results from shearing stage
expressed as pwp-εa.
 
Figure 6.50: Ko-consolidation test results for red soil, results from shearing stage
expressed as Eu/p
′
o-εa.
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Black  reconstituted samples
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Figure 6.51: Strength ratios for young normally consolidated clays of triaxial
compression (After Hight et al., 1987).
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(b)
Figure 6.52: Modes of sample failure and shear band angles of black soil, for
Ko-consolidation undrained compression (a) Ko-S1, and (b) Ko-S3.
6.5.6.1 Modes of sample failure and shear band formation in black and
red soils after Ko-consolidation
A photograph was taken to record the mode of failure at the end of each Ko-
consolidation test. These pictures are presented in Figures 6.52 and 6.53 for the
black soil samples and Figures 6.54 and 6.55 for the red soil samples. It can be
seen that most of the samples subjected to compression show discrete (slip) failure
planes, while in extension, the samples at failure have considerably reduced cross-
sectional areas (necking failure) and even then they showed a brittle modes of
failure. Similar modes of failure were observed for samples sheared after isotropic
consolidation as can be seen from the photographs shown in Figures 6.26 to 6.29.
197
 (a)
 
(b)
 
(c)
Figure 6.53: Modes of sample failure and shear band angles of black soil, for
Ko-consolidation undrained extension (a) Ko-S4, (b) Ko-S6 and (c) Ko-S15.
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(c)
 
(d)
Figure 6.54: Modes of sample failure and shear band angles of red soil, for Ko-
consolidation undrained compression (a) Ko-S8, (b) Ko-S9, (c) Ko-S12, and (d)
Ko-S13.
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Figure 6.55: Modes of sample failure and shear band angles of red soil, for Ko-
consolidation undrained extension (a) Ko-S10, and (b) Ko-S11.
6.6 Comparison between isotropic and 1-D con-
solidation undrained shearing test results
The stress-strain behaviour of a 1-D consolidated clay is very different from the
behaviour of the same clay consolidated isotropically (Skempton and Sowa, 1963).
In this research, there are substantial differences in behaviour between the results
from the two sets of tests. These differences can be observed (during consolidation
and shearing) in terms of consolidation path, undrained shear strength, stress-
strain behaviour, pore water pressure generated during shearing and the stiffness
values.
6.6.1 Consolidation path
The stress path followed during consolidation under Ko-conditions is different from
that of isotropically consolidation as shown in Figure 6.56 using a σ′1, σ
′
3
√
2 stress
space. The average value of Ko measured under normal consolidation of black soil
was 0.57 while for red soil was 0.59 with a tolerance of ±0.02. On the other hand
the K value under isotropic consolidation is always equal to unity for both black
and red soils. In the isotropic consolidation tests, a consolidation path was not
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Figure 6.56: Stress path followed during Ko-consolidation and isotropic-
consolidation.
fully generated because the pressure was applied at a very fast rate, so only the
beginning and the end of the paths were known. Figure 6.57 shows values of the
coefficient of earth pressure at rest plotted against friction angle with the results
from this study compared with different clay soils investigated by other researchers.
The open circle symbols represent Ko values of normally consolidated young clay
deposits (Mesri and Hayat, 1993) while the square symbols represent Ko values of
Horonai clay. The triangular symbols represent Ko values of reconstituted Kaolin
clay (Vardhanabhuti, 2007). The test results of black and red soils are within
the range reported by the other researchers using various laboratory apparatus.
The results obtained from the triaxial apparatus for the black and red soils are
in agreement with the Jacky empirical equation (1948) which is represented in
Figure 6.57 by a dashed line.
6.6.2 Undrained shear strength
The stress paths of the Ko-consolidated samples traverse to the left from their
initial Ko state with less regular inclinations compared with the isotropically-
consolidated samples (Ko-conditions generate less pore water pressure), and reach
failure with a clearly defined maximum deviator stress (q) value. After failure the
stress paths turn suddenly as q drops significantly.
The results indicate thatKo-consolidated samples have lower strength than isotropically-
consolidated samples for the black soil and higher strength for the red soil. The
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reason for this might be that the void ratio (or water content) values at the
start of shearing for isotropic consolidated samples are lower than that of Ko-
consolidated samples which would usually be associated with a higher strength.
Also the isotropic consolidation pressure was applied in a single increment while
in the Ko-consolidation both the radial and the axial stresses were increased at a
very slow rate (0.38%/day).
6.6.3 Strain-stress behaviour
 The 1-D consolidated curves from triaxial and oedometer tests are different.
The compressibility curve from triaxial test plotted above that of oedome-
ter test. Some differences might be expected as the Ko-tests may not be
perfectly 1-D even Ko though was checked by radial strain measurement
(radial belt) and volumetric and axial strain. Henkel and Sowa (1963) noted
that for the same compressive strength, the water contents for tests using
Ko-consolidation are some 0.5% higher than those of isotropic tests.
 Ko-consolidated samples exhibit much more brittle behaviour than isotropic
consolidated samples and the maximum is reached very quickly (at around
0.1% axial strain) compared with that of isotopically-consolidated samples.
6.6.4 Pore water pressure generated during shearing
It is very important to examine the changes in pore water pressure characteristics
of samples consolidated underKo and isotropic conditions. For fully saturated soils
where B=1, for undrained test, the pore water pressure change under changes in
the principal stresses ∆σ1 and ∆σ3 can be determined by the following equation:
∆u = B[∆σ3 + A(∆σ1 −∆σ3)] (6.8)
Figures 6.19, 6.24, 6.43, and 6.49 show the changes in pore water pressure gen-
erated during shearing following Ko- and isotropic-consolidation. The results show
that the pore water pressure generated during shearing after Ko-consolidation is
lower than that of isotropically-consolidated samples for both soils. For the black
soil, after isotropic-consolidation the average value of the parameter A at failure,
Af, in compression tests is found to be 0.80, while after Ko-consolidation the Af
value is 0.55. For the red soil, the Af value after isotropic-consolidation in com-
pression is 0.98, whilst after Ko-consolidation it is found to be 0.50. Both soils
after isotropic-consolidation are in the range commonly associated with normally
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Figure 6.57: Data on Ko vs friction angle space (Vardhanabhuti, 2007)
consolidated soils (Af=0.7-1.3). After Ko-consolidation the Af values for black
and red soils are much lower, being in the range of lightly overconsolidated clay
(0.3-0.7).
6.6.5 Stiffness behaviour
Figures 6.20, 6.25, 6.44 and 6.50 show that the stiffness behaviour for both sets of
tests (Ko- and isotropic-consolidation) are very similar and converge at about 0.1
% axial strain. The Ko-consolidated samples for both soils sheared in extension
exhibit higher normalised undrained moduli than those sheared in compression in
both isotropically- and Ko-consolidated samples (they are also higher than values
for isotropically-consolidated samples) .
6.7 Summary and conclusions
A laboratory study was performed on black and red soil samples to investigate
the mechanical response of intact, reconstituted and compacted samples using oe-
dometer and advanced triaxial apparatus.
First the two clay soils were subjected to classification tests to establish the particle
size distribution, mineral composition, specific gravity, Atterberg limits, Proctor
compaction curve and organic content. The results from classification tests show
that the specific gravity values for the two clay soils are very close although the
sand and silt content are remarkably different. The clay mineralogy of both soils
is similar. The red soil falls under the Atterberg limit classification of very high
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plasticity (CV), while the black soil is classified as a highly plastic soil (CH).
In terms of compressibility behaviour, the intrinsic compression lines (ICL) of
reconstituted samples of the black and the red soils exhibit a similar relationship
in e − log σ′v space. The differences in water content added to the black and red
soils to form the slurry have an influence on their initial void ratio and the posi-
tion of their ICL. The reconstituted red samples are more compressible than the
reconstituted black samples.
Results from oedometer testing on undisturbed black soil samples indicate a
high swelling potential at low vertical stresses and little collapse at high stress
levels. The swelling pressure is found to be 1 MPa for the black soil samples.
The black reconstituted soil samples show a greater φ′peak than the reconsti-
tuted red soil samples. The shear strength envelope in compression is greater
than in extension and the failure envelope in extension for the two clay soil sam-
ples exhibits a non-zero intercept coefficient value. The reason for this significant
component of strength for the samples tested in extension is not clear. The recon-
stituted black and red soil samples sheared in compression and extension exhibit
similar values of normalised undrained stiffness.
Unconsolidated undrained (UU) shearing tests on intact black soil samples
show that the undrained shear strength, Su, increases with increasing confining
pressure. The intact samples exhibit a shear band failure and the failure mode
varies depending on the confining pressure.
The reconstituted samples which were consolidated one-dimensionally exhibit a
more brittle behaviour on subsequent undrained shearing compared with samples
consolidated isotropically. The stiffness behaviour for both consolidation paths
when sheared undrained are very similar and all samples exhibit shear band failure
during the shearing stage.
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Chapter 7
Laboratory determination of
Soil-Water-Retention-Curve
(SWRC) and shrinkage behaviour
7.1 Introduction
Both black and red soils were reconstituted from a slurry in a consolidometer to
a vertical effective stress of 200 kPa. The compression curves of the reconstituted
black and red soils are presented in Figure 6.4. Two discs of each soil were trimmed
from the resulting soil cakes and initial water content and volume measured. The
discs were gradually dried and subsequently wetted, measuring both matrix suc-
tion, s, and total suction, ψ, in order to obtain the Soil-Water-Retention-Curve
(SWRC) for each soil. The filter paper technique was used for determining the
SWRC characteristics. The techniques used are described in Chapter 3. Each disc
sample was allowed to dry for a short period (1-3 hours) at controlled room tem-
perature (20 ◦C) and then sealed with dry filter papers and stored in a safe place
with constant temperature and humidity. Dry filter papers were placed directly
on the base and top of the soil sample discs in order to measure the matrix suction
(i.e. in contact with the filter paper). In the case of total suction measurement,
the filter papers were placed in a non-contact situation on separate discs. For
both soils, all experimental data are presented as s or ψ measurements against
(a) degree of saturation (b) void ratio (c) volumetric water content and (d) gravi-
metric water content. The suction (matrix and total) values measured from the
filter papers are the average value of both the top and base filter papers. The time
interval between each data point was one week for matrix suction and two weeks
for total suction.
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7.2 SWRC of black soil
The black clay soil is a much sandier material than the red soil, having about 22 %
sand content and a plasticity index of about 31%. The results of different stages
of drying and wetting of the black soil are presented in terms of matrix suction in
Figures 7.1(a) to 7.1(d). The initial drying curve (1st drying stage) is defined as
the Primary Drying Curve (PDC) as the samples were dried from a slurry. Drying
was continued until the limit of filter paper, which is at a suction of about 30 MPa,
after which the sample was wetted up by adding incrementally small amounts of
water (2-3 grams) prior to each new suction measurement until a very low suction
was reached. From these drying and wetting stages of the black soil samples, the
following observations can be made.
(i) In Figure 7.1(a), comprehensive results from a disc sample, of 100mm diam-
eter, are presented. There are five stages of SWRC measurements for the
black soil sample. Initially the sample was dried out which clearly defines the
primary drying curve, PDC, but this could only be extended to Sr =44%
because of the filter paper limit (around 30MPa). It was then wetted up
from that level to generate what is considered to be a PSC as the sample
did not reach residual conditions. Wetting was continued to a low suction
level of less than 100 kPa. A second drying stage was then started from this
point: when the suction reached 10MPa the data points rejoin the PDC and
drying continued to a suction of 30MPa and degree of saturation of about
46%. The sample was then wetted up again from limit of filter paper point
and the path of this wetting stage follows the same path of the PSC. Then
the sample was dried out again for the third time, the data points rejoin the
PDC at 10MPa matrix suction. From Figures 7.1(a) to 7.1(d), it is observed
that, there is a significant hysteresis between the first drying and wetting
curves but for the other cycles little hysteresis occurred during drying and
wetting stages.
(ii) In the matrix suction-degree of saturation plot (Figure 7.1(a)), it can be seen
that the PDC is well defined by the data with little scatter. The sample
remains almost saturated (96 %) to quite high suctions, i.e. about 2000
kPa. The sample started to crack while still fully saturated (i.e. Sr= 100%)
at suction values of just above 700 kPa (critical suction, ψcr as described
in Chapter 3). The degree of saturation decreases with increasing matrix
suction. The degree of saturation at the filter paper limit (30,000 kPa) is
still relatively high, i.e. about 44%. The wetting curve started from the end
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of the initial drying curve, at about 30MPa suction. Another reason that the
path is probably a primary scanning curve (PSC) is that suctions measured
on an intact sample at the same degree of saturation lie to the left of the
wetting curve. Although the path for the intact sample might lie to the left
because of its initial void ratio, the PSC would be expected to join the main
wetting curve (MWC). The main drying curve, which in this study is the
2nd drying stage, joins the PDC at a high suction level (about 10 MPa) and
the 2nd wetting curve also follows the same path of the previous PSC.
(iii) The initial void ratio is 0.98 (Figure 7.1(b)) when the sample is fully satu-
rated, then during the drying process this value decreases with increasing
suction until it reaches 0.54 at the shrinkage limit of the soil after which
further loss of water does not cause a decrease in its volume. It is observed
that there is a significant volume reduction between the first drying and first
wetting stages and after that there are only very small changes in volume.
(iv) In the matrix suction-volumetric water content plot (Figure 7.1(c)), the vol-
umetric water content starts at 51% and then steadily decreases with in-
creasing suction, reaching 12% at the limit of the filter paper.
(v) There is a similar response with the matrix suction-gravimetric water content
(Figure 7.1(d)), at the beginning of drying, w= 37.8% and this value reduces
steadily with increasing suction until it reaches 8.7% at the filter paper limit.
(vi) Data points from suction measurements on compacted samples of the black
soil are also plotted on Figure 7.1(d). It can be seen that they lie to the left
of the reconstituted-derived PDC but differences are very small.
(vii) In Figures 7.2(a) to 7.2(d), the values of matrix suction and total suction
are presented. For a given value of degree of saturation, the total suction is
always greater than the matrix suction, in both drying and wetting, imply-
ing that there is a component of osmotic suction. The most probable reason
for this is the geological origin of the soil with associated potential sources
of salt of varying composition. Differences in total and matrix suction are
not constant, suggesting perhaps that the osmotic effect changes with over-
all suction. For example the paths of total and matrix suction diverge on
wetting after dropping below a suction of about 700 kPa as is shown clearly
in Figure 7.2(a). The soil surface above 700kPa is too dry for contact to be
made between the water phase and the filter paper (measured total suction
rather than matrix suction).
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(viii) The osmotic suction values calculated from matrix and total suction mea-
surements are shown in Figure 7.3 and indicate an increase in osmotic suc-
tion, pi, with decrease in degree of saturation, ranging from 400 to 1000 kPa.
Also the figure shows that pi is greater at end of the drying stage which may
be due to salts being deposited close to the surface of sample during the
drying process. It is possible that the dry salt exerts a greater influence on
reducing the relative humidity than the salt in solution. Another explana-
tion might be that some of the salts are being deposited on parts of the soil
particles in contact with air throughout the sample while the salts in the
remaining liquid become more concentrated and so exerts a higher pi value.
The reverse then takes place during wetting. During the wetting stage the
salts become distributed through sample more uniformly once there is more
water present.
7.2.1 Comparison between compression due to suction and
total applied external stresses
In the matrix suction-void ratio plot (Figure 7.4), it can be clearly seen that
initially during the 1st drying stage the compression of the sample due to suction
alone is similar to what would be expected with results from an oedometer test. In
practice, the difference between the two responses can be summarized as follows.
1. In an oedometer test, compression is due to progressively increasing total
and effective stresses with zero pore water pressure (ua−uw = 0), i.e. stresses
are applied directly externally.
2. In the SWRC development, the compression of the sample is due to progres-
sively increasing suctions with no directly applied vertical or other external
stress applied (σ = σv = 0).
3. In an oedometer test, the void ratio towards the end of the consolidation
stage exhibits a linear relationship with it decreasing with increasing log
effective vertical stress.
4. In the SWRC development, the void ratio at a certain point (20 MPa for the
black soil, Figure 7.4(a) and 10 MPa for the red soil, Figure 7.4(b)) becomes
constant with increasing suction once it reaches the shrinkage limit.
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7.3 SWRC of red soil
The red clay soil has 50% clay, 38% silt and 8% sand with plasticity index of
53%. The drying curves (PDC) for the red soil are presented in terms of matrix
suction in Figures 7.5(a) to 7.5(d). An important observation is that again, as for
the black soil, cracks appeared in the sample at an early stage, causing erroneous
measurements. A number of similar responses, as observed for the black soil, also
occurred for the red soil. Some differences between the response of the two soils
are discussed below.
(i) There are four stages during the determination of the SWRC for the red soil.
First the sample was dried out in increments, with it following the PDC up
to the limit of the filter paper. It was then wetted up from about 30 MPa
suction. As for the black soil, the first wetting curve of the red soil from the
end of drying stage is probably a primary scanning curve (PSC), as suction
measurements on a lightly compacted sample lie to the left of the wetting
curve. Significant hysteresis was observed during the drying and wetting
stages. Wetting was continued to a low suction level of less than 100 kPa.
A second drying stage was then started from this point. When the suction
reached 12MPa the data points rejoin the PDC and drying continued to a
suction 30MPa at which point the degree of saturation was about 54%. The
sample was then wetted up again, the path of this wetting stage following
again a PSC path.
(ii) The red soil remained almost saturated to much higher matrix suctions (Sr =
97% at ua − uw = 7000 kPa c.f. Sr = 96% at ua − uw = 2000kPa for the
black soil). The final degree of saturation at the limit of the filter paper was
also higher (Sr = 54% at ua − uw ∼ 30MPa, c.f. Sr = 44% for the black
soil).
(iii) Cracking in the red soil also occurred while the sample was almost saturated
(Sr = 97% at ua − uw = 900kPa).
(iv) The red soil has a much higher initial void ratio than the black soil (e0 = 1.37
c.f. e0 = 0.98 for the black soil), decreasing to 0.59 at the limit of the filter
paper (c.f. 0.54 for black soil). Again the shrinkage limit is well defined
(Figure 7.5(b)).
(v) In Figure 7.5(c), the volumetric water content started at 57.0% and reduced
to 19.7% at the limit of the filter paper (c.f. 51.0% and 12.0% for the black
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soil). Similarly in terms of gravimetric water content the initial and final
values were 48.6% and 11.3% respectively (c.f. 37.8% and 8.7% for the black
soil).
(vi) The red soil exhibited the same behaviour as the black soil, with significant
hysteresis between first drying and first wetting paths with little hysteresis
after that.
(vii) As for the black soil, PDCs for s and ψ values differed (matrix less than
total as would be expected) for the red soil (Figure 7.6), implying osmotic
suction exists in the sample due to salt within the soil. This is particulary
the case during the wetting path.
(viii) The osmotic suction, pi, calculated from matrix and total suctions are shown
in Figure 7.7. The pi values decrease with increase in Sr, as for the black
soil, but the range is slightly greater (700 to 1500 kPa). The same reasons
suggested for the variation in pi with degree of saturation for the black soil
could equally apply for the red soil (item (viii), Section 7.2)
7.4 Effect of sample size on suction measure-
ment with filter paper method
The effect of sample size on suction measurements using the filter paper method
were investigated by generating SWRCs for different sized samples with diameter-
height dimensions of 38 mm-76 mm and 50 mm-50 mm. This study was prompted
because of (I) the cracking that occurred in the disc samples and (II) concerns
about whether equilibration times were sufficient. The samples were trimmed
from a cake of reconstituted soil and dried from a fully saturated condition and
then wetted up in order to generate SWRCs and compare them with the disc
samples. The filter papers were cut to size to fit the dimensions of the small
samples. All measurements made were of matrix suction, with the filter paper in
direct contact with the samples.
7.4.1 Black soil samples
Figures 7.8(a) to 7.8(d) show the SWRCs for the black soil samples of different
sizes (solid and open symbols are used for drying and wetting paths respectively).
From these figures the following observations can be made.
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Figure 7.1: Laboratory determination of SWRC for the black soil in terms of (a)
Sr versus s, (b) void ratio versus s, (c) θw versus s, and (d) gravimetric water
content versus s.
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Figure 7.1: Laboratory determination of SWRC for the black soil in terms of (a)
Sr versus s, (b) void ratio versus s, (c) θw versus s, and (d) gravimetric water
content versus s.
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Figure 7.2: Laboratory determination of SWRC for the black soil in terms of (a)
Sr versus s and ψ, (b) void ratio versus s and ψ, (c) θw versus s and ψ, and (d)
gravimetric water content versus s and ψ.
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Figure 7.2: Laboratory determination of SWRC for the black soil in terms of (a)
Sr versus s and ψ, (b) void ratio versus s and ψ, (c) θw versus s and ψ, and (d)
gravimetric water content versus s and ψ.
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Figure 7.3: Laboratory determination of SWRC for the black soil in terms of (a)
Sr versus pi, (b) void ratio versus pi, (c) θw versus pi, and (d) gravimetric water
content versus pi.
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Figure 7.4: Compression due to suction and externally applied stress for the disc
samples of (a) black soil and (b) red soil.
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Figure 7.5: Laboratory determination of SWRC for the red soil in terms of (a) Sr
versus s, (b) void ratio versus s, (c) θw versus s, and (d) gravimetric water content
versus s.
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Figure 7.5: Laboratory determination of SWRC for the red soil in terms of (a) Sr
versus s, (b) void ratio versus s, (c) θw versus s, and (d) gravimetric water content
versus s.
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Figure 7.6: Laboratory determination of SWRC for the red soil in terms of (a)
Sr versus s and ψ, (b) void ratio versus s and ψ, (c) θw versus s and ψ, and (d)
gravimetric water content versus s and ψ.
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Figure 7.6: Laboratory measurement of SWRC for the red soil in terms of (a)
Sr versus s and ψ, (b) void ratio versus s and ψ, (c) θw versus s and ψ, and (d)
gravimetric water content versus s and ψ.
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Figure 7.7: Laboratory measurement of SWRC for the red soil in terms of (a)
Sr versus pi, (b) void ratio versus pi, (c) θw versus pi, and (d) gravimetric water
content versus pi. 220
 In Figure 7.8(a), the curves for all samples during initial drying and wetting
exhibit similar paths when plotted as degree of saturation versus suction.
This result provides confidence in the filter paper measuring technique for
the samples, implying that there were negligible errors from factors such as
the smaller mass of filter paper used, smaller size of sample and increased
handling time.
 In Figures 7.8(b) to 7.8(d), the drying and wetting curves for the different
sample size have slightly different paths. The results obtained from 38 mm
and 50 mm diameter samples generally exhibit greater scatter that those
obtained from 100 mm diameter samples (where whole filter papers are used).
A discussion concerning errors associated with the various measurements
made is given in Section 3.4.3. However, as measurements of sample mass
and dimensions are required for determining Sr as well as w, θw and e, it is
not obvious why these differences occur. Figure 7.8(b) and 7.9(b) show that
the drying and wetting curves for the different sample sizes have different
paths. The reason for this behaviour may be that the samples having a
more cylindrical shape have shrunk more than the disc-shaped samples which
implies more water loss during the drying cycle (Figures 7.8(b), 7.8(d), 7.9(b)
and 7.9(d)). This behaviour is evident in Figure 7.10 as the volumetric strain
for more ‘three-dimensional’ samples is greater than the disc-shaped samples
at the same level of matrix suction.
 Another potential reason for differences in the response from different sample
sizes might be related to whether full equilibrium has taken place. Seven
days is usually considered to be enough for measuring matrix suction. Details
concerning the determination of the required equilibration time are given in
Chapter 8.
 It is important to mention that cracks initiate very early with the soil still
almost fully saturated in all the samples, regardless of their size, during the
first drying stage.
7.4.2 Red soil samples
 The SWRC results relating to the red soil samples of different dimensions
are given in Figures 7.9(a) to 7.9(d). As with the black soil samples there are
small differences in the paths for the 38 mm and 50 mm diameter samples
compared with the disc samples.
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Figure 7.8: Laboratory determination of SWRC for the black soil for samples of
different sizes (given as diameter-height in mm in legends) in terms of (a) Sr versus
s, (b) gravimetric water content versus s, (c) θw versus s, and (d) void ratio versus
s.
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Figure 7.8: Laboratory measurement of SWRC for the black soil for samples of
different sizes (given as diameter-height in mm in legends) in terms of (a) Sr versus
s, (b) gravimetric water content versus s, (c) θw versus s, and (d) void ratio versus
s.
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Figure 7.9: Laboratory determination of SWRC for the red soil for samples of
different sizes (given as diameter-height in mm in legends) in terms of (a) Sr
versus s, (b) gravimetric water content versus s, (c) θw versus s, and (d) void ratio
versus s.
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Figure 7.9: Laboratory determination of SWRC for the red soil for samples of
different sizes (given as diameter-height in mm in legends) in terms of (a) Sr
versus s, (b) gravimetric water content versus s, (c) θw versus s , and (d) void
ratio versus s.
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 The drying paths for the 76 mm-38 mm and 50 mm-50 mm sample sizes
shown in Figure 7.9(a), appear to have lower air-entry values (AEV) com-
pared with the disc sample, but eventually all paths converge.
 In Figure 7.9(b), it seems from this plot that the samples with longer
drainage paths (76 mm-38 mm) are losing more water during drying.
 In Figure 7.9(d), the samples with small diameters (38 mm and 50 mm)
contract more during drying with e=0.47 at shrinkage limit compared with
e=0.59 for the disc sample.
 Again as with the black soil samples, the cracks onset as the soil still almost
fully saturated in all samples during the first drying stage.
7.5 Modelling of experimental data of SWRC
In order to express the SWRCs mathematically, the experimental data have been
modelled using the van Genuchten equation (van Genuchten, 1980). Van Genuchten’s
equation is as follows:
θ = θf +
θs − θf
(1 + ( s
α
)n)m
(7.1)
where: α, m and n are experimental constants with α controlling the air entry-
value (AEV), m controlling the point of inflection and n controlling the slope of
the SWRC. It is should be noted that in Equation 7.1 s= ua-uw, matrix suction
while the original formulation was given in terms of total suction, ψ.
The unknown ‘parameters’ α, n and m can be determined from van Genuchten’s
equation by using the following procedure. First initial values were assumed for
these parameters, and then by using the method of least squares these parameters
were corrected until reasonable fits to the experimental curves were achieved.
This method was carried out using an excel spreadsheet solver which performed
the operation. The shape of the resulting curve generated was generally able to
model the experimental data well (Figure 7.11).
7.5.1 Modelling of Primary Drying Curve (PDC) from ex-
perimental data
Once the best van Genuchten curve is selected for the drying stage, various com-
ponents of the SWRC can be estimated, such as: AEV , initial residual volumetric
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Figure 7.10: Results from drying tests expressed as volumetric strain versus matrix
suction on for samples of different sizes for (a) black soil and (b) red soil.
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water content, and desaturation point suction value.
The primary drying curve (PDC) experimental data were obtained from reconsti-
tuted samples of black and red soil and the best fit van Genuchten curves used
to model the data. It can be seen from Figure 7.11 that the drying curves fit
all experimental data with little scatter. For comparison, a van Genuchten curve
fitted to kaolin data from Melgarejo Corredor (2004) is plotted with the modelled
curves for the black and red soils. Comparisons are also made of α, m and n values
relating to other soils tested by Melgarejo Corredor (2004) and various character-
istics such as activity and Atterberg limits in Figure 7.12 and 7.13. The following
observations can be made from Figures 7.10 to 7.12 and Table 7.1.
(i) The greater the van Genuchten parameter (α), the higher the air-entry value
(AEV ), i.e. increasing α translates the SWRC to the right.
(ii) The greater the van Genuchten parameter (n), the steeper the curve as can
be seen for kaolin compared with the black and red soils (see Figure 7.11
and Table 7.1).
(iii) Atterberg limits and activity values of the soils investigated are plotted along
with Melgarejo’s data in Figure 7.12. As expected the plasticity index in-
creases as the activity increases.
(iv) The van Genuchen α parameter, which controls the position of the SWRC
and the AEV , is plotted against plasticity index and liquid limit in Figure
7.13(a) and 7.13(c). The figures show a roughly increasing α value with both
plasticity index and liquid limit.
(v) The van Genuchen n parameter, which controls the slope of the SWRC, is
plotted against plasticity index in Figure 7.13(b). The figure shows that the
n value increases with plasticity index.
(vi) The van Genuchen m parameter, which controls the inflection point of the
SWRC, is plotted against plasticity index in Figure 7.13(d). There does not
seem to be a clear relation between m value and plasticity index.
Melgarejo Corredor (2004) discussed relationships between soil types and the
shape and position of the SWRCs. When expressing the soil characteristics in
terms of plasticity index and the shape and position of the SWRCs in terms of
the van Genuchten equation parameters α, n, and m trends are not sufficiently
well defined to be used to generate SWRCs reliably or accurately. She also noted
that other characteristics should be taken into account such as the particle size
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Figure 7.11: Comparison between fitted van Genuchten curves and drying exper-
imental drying data.
Table 7.1: Summary of parameters for characterising the SWRC (subscript ‘d’
denotes drying).
Parameter/Material Kaolin El Gereif black soil Wadi Madani red soil
αd (kPa) 7092 3858 16570
nd 3.000 1.392 1.845
md 3.575 0.282 0.458
θs 0.56 0.48 0.57
θr 0.03 0.10 0.10
θf 0.08 0.08 0.05
Sr (suction at θr) (kPa) 6000 200,000 125,000
sAEV (kPa) 2000 1650 7300
Desaturation point (kPa) 30 1200 5770
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Figure 7.12: Relation between activity and plasticity index for soils investigated
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distribution.
7.5.1.1 Estimating the residual degree of saturation
For very clayey and active soils, sometimes it is not possible to develop the full
SWRC because the soil has not reached its residual value. The curve fitting just
discussed, using the van Genuchten formulation, has been applied to the data
available which is governed by the 30MPa suction limit of the filter paper mea-
surements. It can be seen that the modelled curves indicate that at low degree
of saturation the suctions are of the order of GPa and there is uncertainty about
the value of the residual degree of saturation. This value is needed to know from
which point to model the start of the PWC. In order to estimate a value of the
lowest degree of saturation, likely to be reached on drying, three samples of the
black and red soils were prepared to measure water losses over a range of temper-
atures. The samples were trimmed from reconstituted cakes and taken to be fully
saturated. Initial water contents were determined from sample trimmings and the
samples’ mass and dimensions carefully measured.
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Figure 7.13: Relations between plasticity index and liquid limit and the drying van
Genuchten parameters for soils investigated in this research and (Melgarejo Corre-
dor, 2004) data, plotted in terms of (a) PI versus α; (b) n versus PI; (c) LL versus
α and; (d) m versus PI. (after Melgarejo Corredor, 2004).
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Figure 7.14: Change in degree of saturation with temperature for (a) black soil
and (b) red soil.
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Figure 7.15: Laboratory measurement and modelling of SWRC for the black and
red soil in terms of Sr versus (ua − uw).
233
 Figure 7.16: Predicting the full SWRC for black soil.
 
Figure 7.17: Predicting the full SWRC for red soil.
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The samples were then left to air dry in laboratory at 20 ◦C. Their masses sta-
bilised after 2 days. They were then heated to 110 ◦C for one day and subsequently
400 ◦C for a day, weighing them and measuring dimensions after each stage.
The results given in terms of gravimetric water content, w, versus temperature
are given in Figure 7.14. Corresponding degree of saturation are also marked. A
significant reduction in water content occurs from the initial point to 20 ◦C (the
initial water content in shown at 0 ◦C but clearly the sample was not frozen but
would be expected to lose water from 0 to 20 ◦C). At 110 ◦C the water content
should be zero, but for both the black and red soils it is between 0 to 2%. The
reason for this is probably small errors in the determination of initial water content
from the trimmings. Heating the samples to 400 ◦C results in a further reduction
in water content of 1.5-2.0 %. This water would be chemically bonded to the
clay minerals. The water contents at this temperature are negative because the
initial water content is determined from drying the sample at 110 ◦C where bulk,
meniscus and absorbed water will be removed (see Figure 3.13). The red soil,
being more plastic and with higher clay content than the black soil, has higher
water contents and degrees of saturation at 20 ◦C and 110 ◦C. At 110 ◦C the de-
gree of saturation is determined to be ∼5% and ∼8% for the black and red soils
respectively and ∼45% and ∼60% at 20 ◦C. It was therefore decided to set the
residual degree of saturation between these values, erring towards the lower end.
The values chosen were 10% and 12% for the black and red soils respectively.
7.5.2 Modelling and prediction of Primary Wetting Curve
(PWC) from experimental study
The residual degree of saturation are estimated to be 10% and 12% for black and
red soils respectively. A trial and error procedure was performed to fit the wetting
as well as the drying experimental data using the van Genuchten expression. The
residual values of degree of saturation just discussed were used to model the full
SWRCs Figure 7.15 shows that there is a little hysteresis between the PDC and
PWC for both the black and red soils. The PWC only fits experimental data at the
end of the wetting stage as most of the wetting data lie on the scanning path. To
ensure that the modelled a PWC is in the correct position, it was decided to pre-
pare a number of samples in different ways to provide more data between the PDC
and PWC. Suction measurements were made on samples statically compacted at
different water contents and compaction efforts. First they were dried to the max-
imum limit of the filter paper test (i.e. 30MPa) and then wetted up to a very low
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suction in order to intersect the PWC. The scanning curves from the compacted
samples are shown in Figures 7.15 and 7.16 for both the black and red soils. It
can be seen that these paths fall well to the left of the PDC shown in Figures 7.15
and 7.16. They also have much lower degree of saturation at the 30MPa suction
limit than the samples dried from slurry, indicating the influence of soil structure.
Assuming that the drying and wetting paths of remoulded, compacted and intact
samples should lie between the PDC and PWC, their paths being represented by
scanning curves which should not cross these boundaries, led the predicted PWC
to shift further and further to the left of the plot.
An iterative procedure of trial and error was used, using the van Genuchten for-
mula, to generate the full SWRC for black and red soils as shown in Figures 7.15
and 7.16. This method was used until all data from the different samples lay inside
the envelope of SWRC (PDC and PWC). The final predicted PWC has signifi-
cantly shifted to the left, resulting in huge hysteresis between the PDC and PWC.
However, the SWRC model in Sr-s plane ignored the effect of void ratio on the
retention behaviour. This effect may be related to the three-dimensional SWRC
surface that has recently been postulated by Tarantino (2009) and Tsiampousi
et al. (2013).
7.5.2.1 Modelling of SWRC in three-dimensional space
The experimental results just presented in Figures 7.15 and 7.16 did not include the
effect of void ratio on the SWRC. If the data are plotted in a three-dimensional
space of s − Sr − e, the resulting Soil-Water-Retention-Surface (SWRS) takes
this factor into account (as proposed by Tsiampousi et al. (2013)). In order to
reduce the three-dimensional surface, s−Sr− e, to a two-dimensional SWRC, the
Tarantino (2009) method has been used. He assumed that water ratio, ew, which
is the volume of water to volume of solids ratio (ew = Vw/Vs) can be expressed by
a power function of suction, s, in the high suction range.
ew = as
−b (7.2)
where (a) and (b) are two constants associated with the intercept and slope of the
straight line plotted in the plane of ln(s)-ln(ew).
The water retention equation proposed by van Genuchten (1980) can be expressed
by:
Sr =
ew
e
= [1 + (αs)n]−m (7.3)
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Table 7.2: Parameters of the main drying surface for the black soils.
Parameters Reconstituted
sample
Compacted
w=30%,
720 kPa
Compacted
w=15%,
100 kPa
Compacted
w=15%,
400 kPa
Compacted
w=15%,
720 kPa
ad 1743.28 28.30 2.53E+15 3.83E+14 9.86E+18
bd 0.307 0.681 6.934 6.441 7.581
nd 3.290 0.623 0.259 0.272 0.306
where Sr is the degree of saturation, e is the void ratio and α, n, m are the soil
parameters discussed earlier.
The slope of the water retention curve (when s → ∞) in the plane ln(ew)-ln(s)
can be given by:
b = mn (7.4)
From Equations (7.2), (7.3) and (7.4), the following equation can obtained by
considering the limit for s →∞.
α = (
e
a
)1/b (7.5)
By substituting Equations 7.4 and 7.5 into Equation 7.3, the equation describing
the SWRC in the space of (s, e, Sr) can be obtained.
Sr =
ew
e
= {1 + [(e
a
)1/bs]n}−b/n (7.6)
In order to represent the SWRC in a two-dimensional plot according for the effect
of void ratio, the suction is normalised:
normalized suction,
s∗ = (e)1/bs (7.7)
To determine the model parameters, an iterative procedure of trial and error
was used applying the least squares method. These parameters were corrected
until reasonable fits to the curves were achieved. This method was carried out
using an excel spreadsheet solver which performed the operation. The parameters
of the main retention surfaces (rather than principal surface) are given in Tables
7.2 and 7.3.
To represent the SWRC in a two-dimensional plot, Equations 7.6 and 7.7 can
be written in the van Genuchten form. This equation is valid for both the drying
and wetting paths.
Sr = {1 + [(1
a
)1/bs∗]n}−b/n (7.8)
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Figure 7.18: Modelling of the main drying water retention surface of black sam-
ples (a) measured versus estimated degree of saturation and (b) two-dimensional
representation.
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Figure 7.19: Modelling of the main drying water retention surface of red sam-
ples (a) measured versus estimated degree of saturation and (b) two-dimensional
representation.
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Table 7.3: Parameters of the main drying surface for the red soils.
Parameters Reconstituted
sample
Compacted
w=30%,
720 kPa
Compacted
w=15%,
100 kPa
Compacted
w=15%,
400 kPa
Compacted
w=15%,
720 kPa
ad 121394.2 121394.2 121394.2 121394.2 121394.2
bd 0.662 0.662 0.662 0.662 0.662
nd 1.923 1.983 76.977 2.703 2.357
Figures 7.17 and 7.18 show performance of the model, using Equation 7.8, For
the black and red soils. It can be seen from Figures 7.17(a) and 7.18(a) that the
measured degree of saturation is modelled well. The SWRC was plotted in terms
of normalised suction, s∗, and the experimental drying data generally agree well
with the modelled results given by Equation 7.8 as shown in Figures 7.17(b) and
7.18(b). The main wetting water retention data do not fit well with Equation 7.8
as most of data do not lie on the MWC confirming that the MWC estimated from
Equation 7.8 is not unique (the wetting data and modelled two-dimensional MWC
are not presented).
7.6 Desiccation and shrinkage behaviour
7.6.1 Volume change versus water content
The results from the laboratory drying tests can be expressed in terms of chang-
ing moisture content with void ratio (typical shrinkage curve) or volumetric strain
with suction. The experimental drying curves are plotted in the former way in
Figures 7.19 and 7.20 which show the shrinkage characteristics of both the black
and red clay soils.
Black soil: The black soil has three stages during drying; the first stage is
the saturated stage at which any loss of water (∆Vw) is equal to the reduction in
volume (∆V ), so the sample remains fully saturated during this stage. The second
stage is a transition stage which lies between the saturation stage and shrinkage
limit stage parts of the curve. In this stage the loss of water is greater than the
reduction in sample volume (∆V < ∆Vw) so the soil becomes unsaturated. The
last stage is the shrinkage limit stage at which the sample stops shrinking and
any further loss of water does not cause any decrease in volume but the degree
of saturation continues to decrease. The loss of water will equal the change in
volume of air (see Figure 7.20). It can be observed from Figure 7.20 that the
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Figure 7.20: Shrinkage curve for black soil.
black soils are saturated at the beginning of drying process. The saturation line
(Sr = 100%) indicated refers to a specific gravity (Gs) of 2.72. The black soil line,
which has 4% gravel, 22% sand, 26% silt and 48% clay, diverges early from the
saturation line at a water content of 26% and void ratio of around 0.70. Also from
the same figure it can clearly be seen that the black soil shows less volume change
(e changes from 0.98 to 0.54) compared to the red soil. The shrinkage limit of
black soil occurs at a water content of 17% at a void ratio equal to 0.54.
Red soil: It can be seen in Figure 7.21 that the red sample remains saturated
(∆V = ∆Vw) until the void ratio reaches the shrinkage limit void ratio. The reason
for this is that the red soil has high fine-grained content (4% gravel, 8% sand, 38%
silt and 50% clay). This observation agrees with the results from experimental
studies performed by Bronswijk (1988) which showed that soils with high clay
content remain saturated over a wide range of water contents during desiccation
while low clay content soils show residual shrinkage, i.e. the reduction in soil
volume is smaller than the volume of water lost during the desiccation process.
The saturation line for the red soil is determined using a specific gravity of 2.78.
The drying curve for the red soil follows the saturation line until reaching the
shrinkage limit (w = 21.8% and e = 0.60). The red soil exhibits high volume
change compared with the back soil, the void ratio changing from 1.37 to 0.60.
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Figure 7.21: Shrinkage curve for red soil.
7.6.2 Drying characteristics
During the drying process the axial and radial strains for the black and red samples
were determined and plotted against matrix suction (Figure 7.22). The figure
shows that a very rapid increase in axial and radial strains is evident when both
soils reach a matrix suction of 2000 kPa. For the black soil, when the matrix
suction reached around 2 MPa, the axial and radial strains were about 50 to 75%
of their final values, while for the red soil axial and radial strains were around 70
to 80% of their final value.
In Figure 7.22, the red sample appears to exhibit a reduction in axial strain after 6
MPa, but the data are unreliable as the axial strain should remain constant after
this point. However, the sample at this level of suction developed major cracking
which caused an apparent reduction in axial strain.
Drying test data in terms of changing volumetric strain with suction are presented
in Figure 7.23. Volumetric strains are determined directly from measurement
of the sample dimensions (diameter and height). As with the axial and radial
strain graphs, changes take place quite rapidly. The volumetric strain can also be
calculated from the following equation:
εv = εa + 2εr (7.9)
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where:
εv is the volumetric strain
εa is the axial strain
εr is the radial strain.
The volumetric strain levels off from suction values of about 6 MPa (shrinkage
limit) for the red soil, and 30 MPa for the black soil. This is because once the
soils reach their shrinkage limit, the skeleton of particles does not change volume
as the particles are locked together while the water can still continue to be lost.
The red sample had larger volumetric strains than the black sample because of its
finer materials (clay and silt). The volumetric strain of the red sample reached a
limiting value of around 33%, while for the black sample it was around 24%.
The components of volumetric strain (radial and axial strain) plotted in Figure
7.22 indicate significant variation in axial strain compared with the radial strain.
The radial strain of the black sample is more than the axial strain at the begin-
ning, but then both of them converge near the shrinkage limit, with the radial and
axial strains reaching a limiting value of about 9%. However, the axial strain of
the red sample is greater than the radial strain until around 24 MPa when they
coverage, the radial and axial strains reaching a limiting value of about 12%.
The curves shown in Figures 7.21 and 7.22 are generally smooth except for the
axial strain relating to the red sample. This sample is the one that cracked most
seriously and there were difficulties in measuring its dimensions accurately, espe-
cially its height which was not very uniform, causing an apparent reduction in its
axial strain.
7.6.3 Visual observations from drying tests
7.6.3.1 Dynamics of cracking during first drying
Both the black and red samples cracked at the beginning of the drying stage while
both were still fully saturated. The cracks then continued to extend and propagate
within the samples. Figure 7.24 shows photographs taken during air drying of the
black soil specimen within a controlled room temperature of 20 ± 1 ◦C. From
Figure 7.24(a), it can clearly be seen that the specimen started cracking at the
outer radial edge, the cracks opening and extending towards the centre with time
(Figure 7.24(b)). After further drying, the cracking extended further and new
cracks developed parallel to the flat faces of the disc samples resulting in major
cracking (Figure 7.24(c)). Near the shrinkage limit, crack growth stopped and
thereafter closed up slightly as shown in the photograph in Figure 7.24(d).
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(a)
(b)
(c)
(d)
Figure 7.24: Cracking of specimen from black soil (a) cracks starting at outer
radial edge (s=740 kPa) (b) cracks opening and extending to the centre (s=1750
kPa) (c) cracking developing parallel to flat faces (s=14300 kPa) and (d) cracks
growth stopping and closing up (s=26800 kPa).
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7.6.3.2 Dynamics of cracking between two cycles of drying
It was observed that after a second stage of drying of different sizes of samples, the
intensity of cracking increased. With continuing drying for the second time, the
sample continued to crack which led to a substantial increase in the total surface
exposed to evaporation which resulted in a greater number of wider cracks. The
cracks after second drying become a complex network of cracks which may cause
potentially more errors during measurement of sample dimensions (see Figures
7.24(a) to 7.24(d)). Also the network cracking allows additional losses of water
through evaporation from the cracks’ surfaces.
7.6.4 Explanation of sample crack formation
The cracks observed at the outer radial surface propagated towards the centre of
the sample. Standing (2006) reported that an explanation for the propagation
and cracking pattern observed in the soil samples can be made using an analogy
with concrete shrinkage behaviour and a concept of different soil annuluses (Fig-
ure 7.26) as given by Tsang (2006). Standing (2006) noted that during the drying
process, the outer layers of soil try to contract but are prevented from doing so
by the inner layer for which shrinkage is much less. However, the outer layers
dry more than the inner layer. Therefore cracking starts from the outer radial
surface and propagates inwards. Bazant (1986) developed a model to analyse the
shrinkage behaviour of a cross-section of a concrete wall being dried on two side
faces under a plane-strain condition (Figure 7.27). The following points can be
made.
1. With respect to the pore humidity (Figure 7.27(1)): the outer layers dry
faster compared with the inner layers.
2. With respect to the free shrinkage (where there is no interaction between
elements of the panel) (Figure 7.27(2)): the magnitude of free shrinkage is
proportional to the moisture content. It can be seen that the outer layers
are expected to have larger free shrinkage than the inner layers. This results
from the difference in water content between the outer and inner layers. A
lower water content will result in a larger capillary suction within the pores.
Therefore, larger shrinkage is induced in the outer layers.
3. With respect to the real shrinkage and the resulting stress distribution (Fig-
ure 7.27(3)): this is different because movement is restricted by shear stresses
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(a)
(b)
(c)
(d)
Figure 7.25: Cracking after second drying of (a) 38 mm-76 mm red sample (b) 38
mm-76 mm black sample (c) disc red sample and (d) disc black sample.
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 Figure 7.26: Two annuluses of soil forming a hollow cylinder (Tsang, 2006).
from nearby ‘layers’. Therefore internal stresses develop within the wall when
the layers are not allowed to shrink freely. Tension is defined as positive in
this figure. Initially (Figure 7.27(3b)), the outer layers go into tension while
the inner layers go into compression. This is because of the different magni-
tude of free shrinkage between layers. If the tensile strength of the concrete
is reached, cracks will occur and strain softening takes place in the outer
layers. When the material is allowed to dry further (Figure 7.27(3c)), the
inner layers start to shrink but are restricted by the outer layers. At this
stage, the outer layers are in compression and the inner are in tension.
Figure 7.28 shows the deformation of diameter and height of the black soil cross-
section due to change of matrix suction, s.
Standing (2006) reported that the development of cracking depends on the follow-
ing factors:
- gradient of water content between outer layers and inner layers;
- degrees of free shrinkage of the material;
- geometry of the sample;
- stiffness of the soil;
- tensile strength of the soil.
It has not been possible within the time frame of this study to investigate these
factors and their degree of influence in detail.
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 Figure 7.27: Deformation and induced stresses within a concrete panel cross-
section (Bazant, 1986).
 Figure 7.28: Deformation of diameter and height within 100 mm diameter, 30
mm height black soil disc cross-section due to suction change at six measuring
positions.
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7.7 Summary and conclusions
One of the more important characteristics in partly saturated soil mechanics is
the Soil-Water-Retention-Curve (SWRC). The SWRC can be represented by four
plots: matrix suction measurements against (a) degree of saturation, (b) void ra-
tio, (c) volumetric water content and (d) gravimetric water content. The filter
paper technique is a method that can measure both total and matrix suction. In
this research this technique was used to generate SWRCs for black and red soils
in terms of both matrix and total suction.
Both soils show a significant hysteresis between first drying and first wetting
and then little hysteresis for the following cycles. It was not possible to reach the
residual degree of saturation as the associated suction was far beyond the limit of
the filter paper technique. It is therefore likely that a large part of the wetting
curves were in fact scanning curves. Also in terms of volume change, both the
black and red soils exhibit a great volume change between the first drying and
wetting cycles and only small changes after that.
According to the experimental results in this research, there is not a significant
effect of sample sizes on suction measurements as observed in the development of
the SWRC when expressed in terms of Sr and θw. However, in term of w and
e there are differences with greater changes in w and e for the more cylindrical
samples. Two factors could affect the accuracy of the results from small samples:
small mass of filter paper used and handling time.
Experimental SWRC data can be modelled using van Genuchten’s equation.
Relationships between the van Genuchten parameters and properties of soil ex-
pressed in terms of Atterberg limits have been investigated. Because of difficulties
in generating the full SWRC, for these very plastic clays, the SWRC (PDC) was
extrapolated to residual and then the SWRC(PWC) generated from this point,
using the van Genuchten expression and estimations of the residual degree of sat-
uration.
The shrinkage behaviour of the black and red soils in terms of water content
and void ratio are different as evident from Figures 7.19 and 7.20. The black
soil follows three stage of drying (fully saturated, partly saturated and shrinkage
condition) when drying commences from a fully saturated condition, while the red
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soil has only two, fully saturated and shrinkage, stages.
Visual observations from the drying stages of both clay soils showed that crack-
ing initiated at the beginning of drying (fully saturated condition), with the cracks
then extending within the samples. After a second phase of drying, a dense net-
work of cracks formed on the surface of the samples.
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Chapter 8
Assessment of required
equilibration times when
measuring soil suction using the
filter paper technique
8.1 Introduction
In order to formulate a soil water retention curve, and in particular the primary
drying curve, it is necessary initially to dry a sample from slurry in a series of
increments. The suction is then measured at each stage of the drying process
so that a graph of suction versus degree of saturation or water content can be
plotted. An effective method of measuring the suction is to use the filter paper
technique. In the filter paper technique, usually a dry filter paper is placed in
contact with the sample when measuring matrix suction or it is placed close to
the sample (non-contact) when measuring total suction. The sample with filter
paper is then carefully wrapped and left for a period for both the sample itself and
the filter paper to come to equilibrium. In this chapter the aim is to assess whether
the periods are sufficient for equilibrium to be achieved. The equilibrium time is
usually taken to be one week when measuring matrix suction (contact) and two
weeks when measuring total suction (non-contact). Once both filter paper and
sample have equilibrated, the water content in the filter paper is measured and
the suction in the sample can be determined by using the relationships given in
Table 3.2. A similar procedure is followed for the wetting process except that in
this case small amounts of water are added to the sample or in some cases to the
filter paper.
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In order to investigate whether sufficient equilibrium time is allowed during the
filter paper method, a study was made to investigate the dissipation process during
each stage of either drying or wetting. Studying these equilibrium times is not
straightforward because the degree of saturation and hence parameters such as
permeability, change as the soil is dried or wetted. It has therefore been necessary
to adopt simplified analyses with a number of assumptions.
In this chapter, two issues are considered: (i) the equilibration of suction within the
sample itself (from drying or wetting) and (ii) equilibration of suction between the
filter paper and the sample. The primary concern relates to item (i). The analyses
presented here build on the work by Melgarejo Corredor (2004) and extend it.
8.2 Terzaghi’s one-dimensional consolidation equa-
tion
As a first approximation, Terzaghi’s basic equation of one-dimensional consolida-
tion is used to estimate the equilibrium time required for the filter paper method.
Although one of the assumptions of Terzaghi’s theory is that the soil should be
fully saturated, Childs (1969) noted that in unsaturated soils water can be con-
sidered to flow only through the pore space filled with water. The pores filled
with air can be visualised as a pseudo solid phase and the soil then treated as a
two-phase fully saturated system (solid and water) having a reduced water content
and increased solid phase.
During the drying process, permeability reduces significantly with increasing suc-
tion and decreasing water content (and degree of saturation). This contravenes
Terzaghi’s theory which assumes that the permeability remains constant through-
out the consolidation process.
Terzaghi’s consolidation theory, given in terms of average degree of consolidation,
U, can be expressed as shown in Equation 8.1. In this research the average de-
gree of consolidation can be considered as the average degree of dissipation or
equilibration.
U = 1−
m=∞∑
m=1
2
M2
exp(−M2Tv) (8.1)
Alternatively the following empirical expressions can be used (Craig, 2004):
for U < 0.6,
Tv =
pi
4
U2 (8.2)
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for U > 0.6,
Tv = −0.933log(1− U)− 0.085 (8.3)
where M = pi
2
(2m + 1) and Tv = (cvt)/d
2 with cv being the coefficient of consoli-
dation, t the time, d the drainage path length (e.g. half of sample thickness when
there are drainage boundaries either side end of it) and Tv is a dimensionless time
factor.
In Terzaghi’s theory the flow during consolidation, is one-dimensional. In the filter
paper technique, filter papers are placed at the top and base of the sample, which
is usually a disc or cylinder. Flow is then expected to be one-dimensional in the
axial sense. It is assumed here that initially after drying/wetting (at t=0) there is
a significant variation in pore water pressure, in this case suction, over the thick-
ness of the sample (shown in Figure 8.1) as evaporation/wetting is primarily from
the flat faces of the disc. After equilibration is complete (t=t(full equilibration))
there is an approximately linear distribution of suction over the thickness of the
sample prior to the next stage of drying.
The relationship between coefficient of consolidation, cv, coefficient of per-
meability, ks (for saturated soil), and the coefficient of volume change, mv, in
Terzaghi’s theory is given by Equation 8.4.
cv =
ks
mvγw
(8.4)
In the theory it is assumed that ks and mv are constant during consolidation, im-
plying that cv is also constant. In reality, for fully saturated soils, ks and mv both
reduce during consolidation and so it is not unreasonable to expect cv to remain
roughly constant.
To investigate the time required for dissipation within the filter paper samples,
Terzaghi’s theory of one-dimensional consolidation is used (Equations 8.2 and
8.3). Different ranges of coefficient of consolidation, cv, representing coarse and
fine soils (greater values of cv relating to coarser soils and vice versa) are used
in order to investigate the time required for dissipation. The analysis has been
performed for four values of samples thickness. Note that as the analyses are one-
dimensional, they are independent of sample diameter (the samples are nominally
considered to be discs as used in practice). It is appreciated that the analyses are
probably not realistic for samples with large height-diameter ratios where radial
flow/equilibration is more likely. The results, expressed as average degree of dissi-
pation (or equilibration) versus log time are shown in Figures 8.2(a) to 8.2(d). The
curves shown in these figures indicate that the dissipation time depends primarily
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Block sample
(a)
Block sample
(b)
Figure 8.1: Distribution of suction through an element over the thickness of the
sample during equilibrium processes, assuming one-dimensional flow/equilibration
in (a) drying stage and (b) wetting stage.
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on the thickness of the sample. In Figure 8.2(a), for the 25mm thick sample, the
curves indicate that for cv values greater than 0.01 m
2/year, dissipation would
be essentially complete within the 7-day period. This is the period proposed by
many researchers when measuring matrix suction. In the same figure, the curves
for cv less than 0.01 m
2/year suggest that much longer periods may be needed. As
mentioned above, high or low cv values would usually be associated with coarse
and fine grained soils. For a given soil as it dries, becoming more desaturated,
using the concept that increasing air content represents part of the solid phase of
the soil, a rough correlation can be made that decreasing cv values correspond to
decreasing Sr values and increasing suction (as expressed by SWRCs).
Figure 8.2(a) also suggests that for higher cv values (e.g. greater than 0.1 m
2/year),
that may be related to low suctions, the period required for equilibration might
be reduced. The equilibrium period could be less than 1 day which could poten-
tially offer significant measurement time savings during the initial stages of the
drying process. As would be expected (Figures 8.2(b) to 8.2(d)) samples having
thicknesses greater than 25 mm, need longer equilibration times, even for higher
values of cv.
The black and red soils have cv values of 0.7 m
2/year and 0.05 m2/year re-
spectively in the fully saturated state (Figure 6.5(c)). According to Figure 8.2, all
black samples sizes should reach the equilibrium state within 7 days while for the
red soil only the 25 mm thickness sample would reach the equilibration state.
8.3 Permeability values for unsaturated soils
The relationship between coefficient of consolidation, cv, coefficient of permeabil-
ity, ks (for saturated soil) and the coefficient of volume change, mv, has been
referred to earlier (Equation 8.4).
As a soil effectively consolidates during a drying stage, both its permeability and
compressibility will decrease. This contravenes Terzaghi’s theory as mentioned
before. Many attempts have been made to investigate the change of permeability
during both drying and wetting processes. There are several relationships avail-
able for expressing the change in the coefficient of permeability with respect to
the water phase, kw, with matrix suction and the saturated coefficient of perme-
ability, ks (see Table 8.1). kw therefore represents the water phase permeability
at different degrees of saturation, clearly decreasing as suction increases.
The relationship between the coefficient of permeability and matrix suction pro-
posed by Gardner (1958), Equation 8.5, is used in the analyses described here.
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Figure 8.2: Average dissipation times required for samples of (a) 25 mm (b) 40
mm (c) 50 mm and (d) 76 mm thickness with different values of coefficient of
consolidation.
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Table 8.1: Relationships between water coefficient of permeability and matrix
suction (Fredlund and Rahardjo, 1993).
Equation Source Symbols
kw = ks
for (ua − uw) ≤ (ua − uw)b
kw = ks{ (ua−uw)b(ua−uw) }η
for (ua − uw) > (ua − uw)b Brooks and
Corey (1964)
b=AEV,
η=empirical
constant,
η = 2 + 3λ,
λ = The slope
of the effec-
tive degree of
saturation
kw =
ks
1+a{ (ua−uw)
ρwg
}n Gardner (1958) a, n = constant
kw=
ks
{ (ua−uw)
(ua−uw)b
}n′+1 Arbhabhirama
and Kridakorn
(1968)
n′ = constant,
(ua−uw)b = suc-
tion at AEV
kw =
ks
1 + a{ (ua−uw)
ρwg
}n
(8.5)
where n and a are empirical constants relating to the slope of the function and
the point at which the soil starts to desaturate (similar to AEV) respectively. The
relationship between the coefficient of permeability and matrix suction proposed
by Gardner (1958), (Table 8.1), is presented in Figure 8.3. Gardner (1958) noted
that the coarser the texture of the soil, the larger the value of n. He also noted
that for most soils investigated to date, values of n equal to 2 or 3 give the best
fit. However, Gardner also reported that the n values could be within a range of
1 to 4. The values of n and a are not unique for all soils, these values depend
on the types of soil and in practice they would be determined experimentally.
Melgarejo Corredor (2004) used a wider range of values for n (n = 1, 2, 3 and 5)
and a (a = 0.01, 0.1, 1 and 10). In the analyses described here the same ranges
used by Gardner (1958) are adopted. Figure 8.4 shows the ratio of kw/ks plotted
against matrix suction (both with log scales). From Figure 8.4, it is clearly
evident that the larger the n values, the greater the change in permeability. Also
it can be observed from the figure that the a-values have a greater influence on
the kw/ks ratio at lower suctions.
Gardner (1958) reported that the larger n values are associated with coarser soil
grains. Therefore it is assumed in this study that for the case of a clay soil n=1
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Figure 8.3: Gardner’s equation for different values of ‘n’ and ‘a’ (Fredlund and
Rahardjo, 1993).
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Figure 8.4: Ratio of coefficients of permeability, kw/ks versus matrix suction plot-
ted using Gardner’s equation.
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and that for a coarse material such as gravel or sand the n value could be 5. From
Figure 8.4 in the case of a finer material (e.g. n=1) two log cycles of suction would
result in a reduction of permeability of about two orders of magnitude. However,
for a coarser material (e.g. n=5) two cycles of suction would result a reduction in
permeability by about ten orders of magnitude.
8.4 Computation of kw using the Soil-Water-Retention-
Curve
8.4.1 Relation between kw and matrix suction
As discussed in Section 8.3, several relationships between the coefficient of per-
meability with respect to water, kw and matrix suction have been proposed as
a function of the saturated coefficient of permeability, ks (Table 8.1). In this
research, attention has been focussed on Gardner’s relationship.
8.4.2 Relation between kw and volumetric water content
Childs and Collis-George (1950) suggested that the permeability of a porous ma-
terial to water is a function of the geometry of the boundary between the solid
component and the pore space. In their study, the coefficient of permeability suc-
tion was determined using configurations of pores space filled with water. They
assumed that the soils have a random distribution of pores of various sizes and an
incompressible soil structure. They developed an equation which takes account
of the various sequences of pores of different sizes when pores are randomly ar-
ranged as in typical soil system. Fredlund and Rahardjo (1993) noted that the
permeability function derived by Childs and Collis-George (1950) can be obtained
by summing the series of terms obtained from the statistical probability of inter-
connections between water-filled pores of varying sizes. Several researchers have
translated the relationship between volumetric water content and matrix suction
(SWRC) to a relationship between water coefficient of permeability, kw, and ma-
trix suction (e.g. Marshall, 1958). The water coefficient of permeability can be
obtained from the Soil-Water-Retention-Curve by dividing the SWRC into ‘m’
equal intervals along the volumetric water content, θw, axis. The matrix suction
corresponding to the midpoint of each interval is used to calculate the coefficient
of permeability. The permeability function, kw, can be derived using Poiseuille’s
equation for stream-line flow. Poiseuille assumed that for a fluid flowing in a nar-
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row tube of radius rt (cm), the average velocity, u
′
(cm/sec), can be computed as:
u
′
= −(rt2dφ
dl
)(
1
8η
) (8.6)
where dφ
dl
= the potential gradient (hydraulic gradient) causing flow, η = the
viscosity of the fluid (cm2/sec). He noted that if the fluid flows through a specific
porous material with a porosity, , (cm3/cm3), the average velocity for flow through
a porous material, u
′′
, can be expressed as:
u
′′
= −(rt2dφ
dl
)(
1
8η
) (8.7)
The porous material has pores of mean radius r1, r2, ... and rn (cm) where r1 >
r2 > ... > rn. These pores can be connected by necks. To simplify computation,
Childs and Collis-George (1950) made three assumptions that: (i) the resistance to
flow is caused only by the smaller radius in the rejoined cross-section and (ii) there
is no more that one connection between pores (iii) a porous column is sectioned
normal to the flow direction and randomly rejoined together with the opposite
face. The probability of mean neck area for each of the n portion of surface
containing pores of size r1 will be the summation of pir
2
1, pir
2
2, ..., pir
2
n. Similarly
the portion having pores of size r2 will provide neck areas of pir
2
2, pir
2
2, pir
2
3, ...,
pir2n. Eventually, the average area of a cross-section of neck for all portions of the
surface can be given by:
pi[(r21 + r
2
2 + ...+ r
2
n) + (2r
2
2 + r
2
3 + ...+ r
2
n + ...+ nr
2
n]/n
2 (8.8)
or
pin−2[(r21 + 3r
2
2 + 5r
2
3 + ...+ (2n− 1)r2n] (8.9)
The cross-section area of a tube of radius rt controlling flow through the porous
medium can be written as:
r2t = n
−2[(r21 + 3r
2
2 + 5r
2
3 + ...+ (2n− 1)r2n] (8.10)
r2t can be substituted in Equation 8.7, then the average velocity, u
′′, in a direction
perpendicular to any cross-section of the porous medium can be written as:
u′′ = −2n−2(dφ
dl
)[(r21 + 3r
2
2 + 5r
2
3 + ...+ (2n− 1)r2n]/8η (8.11)
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According to Darcy’s law for the flow of fluids through porous materials, the
velocity can be given by
u = −Kη−1dφ
dl
(8.12)
where K is the intrinsic permeability (cm2). Then from Equations 8.11 and 8.12,
the permeability can be expressed as
K = 2n−2[(r21 + 3r
2
2 + 5r
2
3 + ...+ (2n− 1)r2n]/8 (8.13)
For unsaturated soils, the flow is through the pores filled with water, so the pores
filled with air should be excluded from the calculation. Marshall (1958), following
the Childs and Collis-George (1950) theoretical approach, developed his perme-
ability function based on a principle that pore size measurements can be made
regularly by measuring the water withdrawn when the suction in the water is in-
creased. He used the suction head, h (cm) instead of the pore radius (r). The
relation between suction and pore radius can be given by
r =
2Ts
ρwgh
(8.14)
where Ts is the surface tension of water and ρwgh is equivalent to matrix suction
(ua-uw).
Marshall (1958) substitutes Equation 8.14 into Equation 8.13 and sets r2 = 2.25×
10−2h−2 at 20 ◦C. His expression can be written as follows:
K = 2.8× 10−32n−2[(h−21 + 3h−22 + 5h−23 + ...+ (2n− 1)h−2n ] (8.15)
where K is the coefficient of intrinsic permeability in cm2 (K can be obtained
in units of cm/sec if Equation 8.15 is multiplied by g/η and if so the numerical
constant will be 2.7× 102 at 20 ◦C.
h1, h2, ..., hn are the suction heads corresponding to the radius of pores r1, r2,...,rn,
where r1, h1 belongs to the class with the largest pores and hn, rn corresponds
to the class with the smallest;  is the porosity in cm3/cm3 (water-filled porosity)
and; n is the number of portions within the same area (number of pore classes up
to the water content of interest).
Fredlund and Rahardjo (1993) have derived a permeability equation from the
Poiseuille’s equation. Their equation is similar to that given by Kunze et al.
(1968). They have slightly changed the units to fit with the international system
units (SI) (i.e. metric system), and also converted the suction head to matrix
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suction. The equation of Fredlund and Rahardjo (1993) after modification can be
written as follows:
kw(θw)i =
ks
ksc
T 2s ρwg
2µw
θps
N2
m∑
j=i
{(2j + 1− 2i)(ua − uw)−2j } (8.16)
where kw(θw)i = the calculated water coefficient of permeability (m/s) for a spec-
ified volumetric water content, (θw)i, corresponding to the ith interval.
i = the interval number which increases with decreasing volumetric water content;
for example, i=1 identifies the first interval corresponds to the saturated volumet-
ric water content, θs; i=m identifies the last interval corresponding to the lowest
volumetric water content, θ`, on the experimental soil-water-retention-curve .
j = a counter from ‘i’ to ‘m’.
ks = the measured saturated coefficient of permeability (m/s).
ksc = the calculated saturated coefficient of permeability (m/s).
Ts = the surface tension of water (kN/m).
ρw = the water density(kg/m
3).
g = the gravitational acceleration(m/s2).
µw = the absolute viscosity of water(N.s/m
2)
θs = the volumetric water content at saturation (i.e. Sr=100%).
p = a constant which accounts for the interaction of pores of various sizes; the
magnitude of ‘p’ can be assumed to be equal 2.0 (Marshall, 1958).
m = the total number of intervals between the saturated volumetric water content,
θs, and the lowest volumetric water content, θ`, on the experimental soil-water-
retention-curve (which at the limit would be the residual volumetric water content,
θr).
N = the total number of intervals computed between the saturated volumetric
water content, θs, and residual volumetric water content.
(ua − uw)j= the matrix suction (kPa) corresponding to the midpoint of the jth
interval.
ks/ksc = the matching factor to adjust the magnitude of permeability function.
8.4.3 Computation of kw for the black and red soil from
SWRC
In this research, Fredlund and Rahardjo’s permeability equation is used to calcu-
late the water coefficient of permeability, kw, during the drying process. First the
drying SWRC is divided into ‘m’ equal intervals of volumetric content starting
264
Figure 8.5: Prediction of the coefficient of permeability, kw from the soil-water-
retention-curve (Fredlund and Rahardjo, 1993).
from the saturated volumetric water content, θs, and ending with lowest volumet-
ric water content, θ` (see Figure 8.5). In order to calculate the permeability at
a specific volumetric water content, the average matrix suction, (ua − uw), cor-
responding to the middle of each N equal classes of porosity is read from the
SWRC. For example, in Figure 8.6 for the back soil, N is taken as 43, correspond-
ing to volumetric water content, (θs − θ`)/N , which is approximately equal to
0.01. The first volumetric water content corresponds to the saturated volumetric
water content, θs, which is equal to 0.54 for the black soil. Each volumetric water
content midpoint, (θw)i, corresponds to a particular matrix suction, (ua − uw)i.
The midpoints are numbered starting from point 1 (i.e. i=1) to point m in Figures
8.6 and 8.7. The permeability function kw(θw), is calculated in accordance with
the Fredlund and Rahardjo (1993) equation. The following parameter values were
used when calculating the permeability.
Ts = 0.00007257 kN/m (at 20
◦C)
ρw = 998 kg/m
3 (at 20 ◦C)
g = 9.81 m/s2.
µw = 0.01 N.s/m
2 (at 20 ◦C)
The permeability values, kw(θw), are computed for the black and red soil by sub-
stituting the matrix suctions associated with the corresponding midpoints into
Equation 8.16. The computed coefficients of permeability, kw, along the drying
curve are plotted against the matrix suction as shown in Figure 8.8 for both the
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Figure 8.6: SWRC used to determine kw for the black soil (experimental data and
modelled curve).
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Figure 8.7: SWRC used to determine kw for the red soil (experimental data and
modelled curve.).
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Figure 8.8: The relation between coefficient of permeability, kw, and matrix suction
for the black and red soils.
black and red soils. From Figure 8.8, it can be seen that the permeability de-
creases by four orders of magnitude from the saturation stage until the limit of
the filter paper at 30 MPa. Another observation from Figure 8.8 is that, there
is a significant decrease in permeability with increasing suction once the AEV is
exceeded (changes in permeability over one log cycle of suction would result in a
reduction in permeability of two orders of magnitude).
In order to generate a general formula for the permeability function for the black
and red soils, the ratio of kw/ks is plotted in Figure 8.9 with varying a and n
values. Also plotted on the figure are the points generated using Equation 8.16 for
the two soils. This facilitates investigating the n and a values for the black and
red soils using the Gardner (1958) equation. In Figures 8.10 and 8.11 the ratio of
calculated kw/ks is plotted against the modelled ratio of kw/ks for both the black
and red soils in order to calculate Gardner’s n and a values.
It can be seen Figures 8.10 and 8.11 that the n value of black soil is slightly
greater than the red soil. This confirms Gardner’s observation that n increases
as the coarseness of the material increases, although the difference in values is
very small. As discussed earlier, this implies that the slope of the two curves are
almost the same. However, the a values, relating to the point at which desaturation
occurs, differ by more than an order of magnitude. This is consistent with the
different AEV values determined for the two soils (discussed in Section 7.5.1).
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Figure 8.9: kw/ks of the black and red soils.
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Figure 8.10: Modelling the kw/ks ratio of the black soil using Gardner’s equation.
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Figure 8.11: Modelling the kw/ks ratio of the red soil using Gardner’s equation.
8.5 Change of water coefficient of permeability
with volumetric water content
The water phase coefficient of permeability, kw, can be plotted against volumetric
water content, θw, as shown in Figure 8.12. As expected, as the volumetric water
content decreases during the drying process, the water coefficient of permeability
significantly decreases for both of the black and red soils. In general, the degree
of saturation or volumetric water content exhibit hysteresis when plotted versus
matrix suction. Consequently, the coefficient of permeability would also be ex-
pected to show hysteresis when plotted versus matrix suction. However, Fredlund
and Rahardjo (1993) reported that when the coefficient of permeability is plotted
against volumetric water content, there was no hysteresis as shown in Figure 8.13.
8.6 Summary and conclusions
When measuring suction using the filter paper method, it is usually assumed that
one week for the matrix suction is sufficient time for equilibration to take place
when determining and two weeks for total suction. This assumption has been
investigated using an approach based on Terzaghi’s equation of 1-D consolida-
tion. Although this equation was derived for fully saturated soils, it has been
implemented, making a number of assumptions and simplifications, so that it can
be applied to unsaturated soils. The results indicate that equilibration of suction
should be complete within the 7-day period usually adopted, providing the sample
is not excessively thick and cv values not too low (associated with high suction
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Figure 8.12: The water coefficient of permeability versus volumetric water content
of the black and red soils.
 
Figure 8.13: Profile of coefficient of permeability, kw, versus volumetric water
content, θw, for a drying-wetting cycle (Fredlund and Rahardjo, 1993).
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values). Although the results are more qualitative than quantitative, they suggest
that at high suctions it might be necessary to use longer equilibration periods.
The black samples with different sizes reached equilibrium state within 7 days
while the red soil needs long period for suction equilibration.
Gardner (1958) proposed a two-parameter model ‘a’ and ‘n’ in the form of a
power function as shown in Equation 8.5. The a parameter is related to the AEV
and thus controls the point where the decrease in kw with increasing desaturation
commences. The n parameter controls the subsequent slope of the decrease in kw
with increasing suction. For finer soils, two log cycles of suction would result in a
reduction of kw of about two orders of magnitude while for coarser soil, two cycles
of suction would result a reduction in kw by about ten orders of magnitude.
Fredlund and Rahardjo (1993) proposed a method of determing kw from SWRC
which has been implemented for the black and red soils. It has then been possible
to determine a and n values for each soil so that general formulations based on
Gardner’s equation can be developed. The a and n values determined seem rea-
sonable, being within the range given by Gardner (1958).
Fredlund and Rahardjo (1993) noted that there is little hysteresis of kw during
drying-wetting cycles (contrary to what was observed in SWRCs determined in
this study).
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Chapter 9
Osmotic oedometer tests
9.1 Introduction
In this chapter, the results from osmotic oedometer tests are presented in terms
of matrix suction, radial net stress and vertical net stress. The apparatus used to
perform the tests is described in Section 5.7. Different stress paths are followed in
order to investigate the mechanical response of unsaturated clays (black and red
soils) to changes in suctions and applied stress. The experiments presented were
performed to investigate the characteristics of the compacted black and red soils
following stress paths that can be divided into three main categories (Figure 9.1).
(i) Load-unload at constant suction.
(ii) Varying suction at constant volume.
(iii) Varying suction under constant vertical stress.
One of the main intentions of performing this suite of tests was to map the Load-
Collapse (LC) yield curve and its expansion as proposed in the Basic Barcelona
Model (BBM) described and discussed in Section 3.7.3. The tests also allow the
one-dimensional volumetric response to be investigated under different suction
levels and compared with the responses observed from tests performed using con-
ventional oedometer apparatus.
The results of the osmotic tests are described graphically in terms of matrix suc-
tion and vertical and horizontal net stresses (vertical net stress is equivalent to
vertical total stress σ¯v=σv as ua =0), each of these quantities are plotted against
the soil variables (matrix suction, s; horizontal net stress, σ¯h; vertical net stress,
σ¯v; void ratio, e; degree of saturation, Sr and volumetric strain, εv. A total of five
plots are presented for each of the following combinations:
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 Figure 9.1: Three main categories of stress paths followed using the osmotic oe-
dometer apparatus (Monroy, 2005)
 s vs σ¯v.
 log10(s) vs e.
 log10(s) vs Sr.
 s vs σ¯h.
 s vs εv.
 σ¯v vs s.
 log10(σ¯v)vs e.
 log10(σ¯v)vs Sr.
 σ¯v vs σ¯h.
 σ¯v vs εv.
9.2 Experimental techniques
9.2.1 Material characteristics and sample preparation
The properties of the black and red soils tested are presented in Chapter 6. Sam-
ples to be tested were initially statically compacted at water contents close to the
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optimum moisture content. This was determined from the static compaction curve
of each soil and found to be 22 % for the black soil and 25% for red soil as shown
in Figures 5.2(a) and (b) (details can be found in Section 5.3.2). Six samples of
both the black and the red soil were prepared at their optimum water content. For
the black soil samples, the degree of saturation corresponding to optimum water
content was found to range between 86 and 90 %, with void ratio from 0.66 to
0.69, and suction between 444 and 485 kPa. For the red soil, the samples were
compacted wetter than the optimum water content, w = 30%, because the suc-
tion probes would have cavitated at their optimum water content of 25%. It can
be seen from the SWRC shown in Figure 7.5(d) that there is a marked increase
in suction from w= 30% to w= 25%, at which the matrix suction on the PDC
ranges from about 300 kPa to 1500 kPa. At 30% water content the initial degree
of saturation was found to be between 86 and 93%, void ratio between 0.86 and
0.99, and suction between 240 and 270 kPa.
The osmotic oedometer loading frame and a compaction mould (different from
the cell confining ring) were used to compact the samples. Silicone grease was
smeared along the internal wall. After compacting the sample to the target stress,
the sample was extracted from the mould and the initial dimensions measured
before inserting the sample into the cell confining ring to start the test.
9.2.2 Stress paths
All tests described in the following sections have two stages. The first involves
wetting/drying at a very small nominal vertical net stress at 1.8 kPa. The second
involves one of three paths (i) load-unload at constant suction; (ii) varying suction
at constant load and (iii) varying suction at constant volume.
9.2.2.1 Load-unload at constant suction
In the load-unload at constant suction stress paths, the suction was kept constant
while the load was changed, using the control system, and consequently the volume
varied throughout the test. Initially, the suction was either reduced or increased
to achieve the target suction and then the suction was maintained at this level
during the loading-unloading stages. The main aim of the first stage of these tests
was to investigate the behaviour of clay soils during wetting and/or drying state
at constant stress level. In the second stage, during the loading stage, the vertical
load was increased slowly at a rate of 1 kPa/hr. This was found to be a suitable
rate to keep suction constant for both black and red soils (discussed later and
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shown in Figure 9.7(a)). In some tests the loading was stopped when the suction
fell outside the control value (±15kPa, as suggested by Monroy (2005) until the
suction had returned to within the acceptable control range. Dineen (1997) and
Monroy (2005) reported that creating a high potential suction difference across the
membrane (between the sample and circulated solution) could lead to an increase
in the rate of loading of the clay soil.
9.2.2.2 Suction change at constant volume
For this type of stress path, the suction was either increased or decreased while
the volume of the sample was maintained constant. This path can be achieved by
reducing the suction in stages. The concentration of solution in the PEG reservoir
is varied to change the suction within the sample whilst volume is maintained
constant by controlling the applied vertical load and monitoring the sample height
using the displacement transducer.
9.2.2.3 Suction change at constant vertical stress
In this type of stress path, it was decided to maintain the vertical load to provide
a stress level, while the suction was either increased or decreased by changing the
concentration of the solution. Tests were performed at different levels of constant
vertical stress. The aim of these tests was to simulate what would happen if a
change in moisture content took place under one-dimensional conditions.
9.2.3 Initial measurement of suction
After setting up a sample in the osmotic oedometer, a thin layer of kaolin slurry
was smeared on the face of the probes and the sample loaded to a nominal stress
of 1.8 kPa to ensure full contact between the probes and a sample. To determine
the sample’s initial suction, the load is maintained at this stress level for 24 hours.
This allows the probes to reach a state of hydraulic equilibrium. Figure 9.2 shows
the response of suction probes used in one of the osmotic oedometer (SP9, SP10
and SP11) with time when in contact with the sample. The average value of
probes’ initial equilibrium reading was taken as the initial suction of the sample.
For the test results shown in Figure 9.2, the average value of matrix suction after
18 hours was 500 kPa. When the osmotic oedometer apparatus was first used, in
order to verify the validity of the readings from the suction probes, the matrix
suction was measured in three identical samples using the filter paper technique
with a filter paper placed in direct contact with the samples for a week (details
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Table 9.1: Values of matrix suction from filter paper measurements used to confirm
initial suction probe readings.
Sample No. O3 O4 O5
Moisture content (%) 21.72 21.80 21.75
Matrix suction (kPa) 479 460 423
 
Figure 9.2: Response of suction probes with time when first placed in contact with
sample.
of the filter paper technique can be found in Chapter 7). The measured values
of matrix suction using the filter paper technique for three samples are shown in
Table 9.1. The values of matrix suction given in Table 9.1 closely agree with those
obtained from the suction probes readings, the average being 454 kPa (c.f. 500
kPa from the suction probes).
9.2.4 Osmotic pressure
To impose an osmotic suction in a sample, a salt solution, comprising PEG
35000 mixed with water, was pumped (circulated) beneath the sample, which was
separated from it by a synthetic Poly-Ether Sulphonate Ultra-Filtration semi-
permeable membrane (PES-UF). Initially the PEG and water were placed in a
two litre Pyrex container and mixed thoroughly with a mechanical stirrer until
the PEG was fully dissolved in the water. A 30 mm layer of silicone oil and Pyrex
culture dish (with a circular opening at its centre) were placed on top of the so-
lution to minimize evaporation (see Figure 5.10). To achieve a particular suction,
the solution was prepared at an appropriate concentration, determined from a
calibration curve fitted to the points from the PEG and PES-UF membrane given
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 Figure 9.3: Calibration data and curves for the combination PEG 35000 and PES-
UF membrance (Monroy, 2005).
in Figure 9.3 as proposed by Monroy (2005).
9.3 Experimental results
A total of 12 osmotic oedometer tests were successfully completed during the
course of present research and the results from them are presented in this sec-
tion. Each of these tests followed one of the main stress path categories described
above. In these tests, a number of stress state variables and other quantities could
be measured and/or controlled and their influence investigated, e.g. suction, hor-
izontal net and total stress, vertical net and total stress, void ratio and degree of
saturation. To help understand the behaviour of the two clay soils, combination
plots presenting the above variables have been produced. For both wetting and
drying phases, suction, s, was plotted against vertical net stress, σ¯v, void ratio,
e, degree of saturation, Sr, horizontal net stress, σ¯h, and volumetric strain, εv.
For the loading-unloading phases the vertical net and total stress were plotted
against suction, void ratio, degree of saturation, horizontal net stress and volu-
metric strain. Table 9.2 shows the initial properties of the compacted black and
red samples before the test.
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Table 9.2: Initial properties of the compacted black and red samples before the
test.
Sample
no.
wi(%) Sr(%) e γb
(kN/m3)
O1 22.0 86.2 0.69 19.21
O2 21.95 85.3 0.70 19.13
O3 21.58 83.6 0.70 19.05
O4 21.69 85.5 0.69 19.21
O5 21.47 89.16 0.66 19.58
O6 25.89 95.55 0.74 19.33
OR1 28.72 93.02 0.86 18.88
OR2 30.68 86.13 0.99 17.90
OR3 28.75 86.87 0.92 18.28
OR4 25.76 80.67 0.89 18.16
OR5 23.82 81.87 0.81 18.66
OR6 27.88 88.36 0.88 18.57
9.3.1 Examples of samples following load-unload at con-
stant suction paths: black soil
9.3.1.1 Introduction
The responses of four compacted black soil samples were investigated following
this stress path, the suction values were kept constant at levels of zero, 200, 350,
and 700 kPa during the loading and unloading stages.
9.3.1.2 Test O1: black soil
After determining the sample’s initial suction (Figure 9.2), a pure water solution
was circulated beneath the sample in order to reduce the suction from its initial
value of 444 kPa to zero, as shown in Figure 9.4. In Figure 9.5(a), the full stress
path of sample O1 is shown. During this test, the sample’s suction was initially
reduced from the as-compacted suction value of 444 kPa to almost zero suction,
while the vertical stress was maintained constant at 1.8 kPa. The sample was then
loaded at a constant suction of around zero to a vertical stress of 500 kPa and then
unloaded at a constant suction of about 20 kPa back to the initial vertical stress.
The results are divided into two phases. The first phase covers the wetting stage
(path 1-2 in Figure 9.5(a)) which is represented by five graphs (Figures 9.5(b) to
9.5(f)). The loading-unloading stage (path 2-3 and 3-4 in Figure 9.5(a)) is the
second phase presented in Figures 9.6(a) to 9.6(e).
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During the wetting stage, the vertical stress control was well maintained as shown
by the enlarged scale in Figure 9.5(b). Following a very small initial reduction in
void ratio, there was a steady increase as can be seen in Figure 9.5(c), plotting as
a straight line in the semi-logarithmic space until very low suction values when it
levelled off. This result agrees with the results obtained by Monroy (2005) when
he investigated London Clay.
Figure 9.5(d) shows the variation in degree of saturation with changing suction on
semi-logarithmic scale. During the wetting stage, the degree of saturation changed
significantly with the reduction in suction. As would be expected during swelling,
the degree of saturation is seen to increase during the wetting process. Changing
the suction from around 500 kPa to 0.5 kPa increased the degree of saturation by
10% but without fully saturating the sample (increasing from 86% to 95.5%).
The change in horizontal net stress with suction is plotted against suction given on
a linear scale in Figure 9.5(e). At the beginning of wetting, the horizontal stress is
seen to remain constant until a suction of about 430 kPa, after which it increases
dramatically until it levels off at a suction of 200 kPa. Below a suction of 200 kPa,
the horizontal stress gradually decreases with reducing suction. This increasing
and subsequent decreasing in the value of net horizonal stress during swelling
stage under K0 conditions has been reported by Schreiner (1988), when testing
expansive clay from Kenya and by Monroy (2005) when investigating London Clay.
They both noted that the reduction in σ¯h is indicative of structural collapse taking
place in the horizontal sense once the suction is lowered below a certain level. This
destructuring of the soil, under constant vertical net stress, is associated with a
marked increase in swelling, as indicated by the volumetric strains shown in Figure
9.5(f), which can only take place in the vertical sense because of the confining ring.
In Figure 9.5(f), it can be seen that the sample swells continuously as the suction
reduces from 500 to zero, but after the sample has fully collapsed in the horizonal
sense (at suctions below 100 kPa), the sample swells rapidly, ultimately reaching
2.2% of its initial volume.
The results obtained from the loading/unloading paths are given in Figure 9.6(a)
to 9.6(e). Although the loading and unloading stages took place at a nominally
constant value of suction, their stress paths are quite distinct with the unloading
path lying above the loading one in Figure 9.6(a). The measured matrix suction
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is plotted in this figure at an enlarged scale to show the degree of suction control.
During the loading stage, the suction decreased by about 20 kPa and remained at
a value of -20 kPa (i.e. there was a small positive pore water pressure). Whilst
during unloading stage, the suction increases from that level and reached an upper
limit of about 20 kPa at low values of vertical stress. These loading/unloading
paths show that it is not easy to hold the suction at a given value (zero in this
case), even when changing vertical loads at very slow rates to allow suction equilib-
rium within the sample. Despite the deviations in suction from zero, it is thought
that the minor differences between the suctions during loading and unloading will
not affect the main results extracted from this test
Changes in void ratio plotted against vertical net stress for the black soil dur-
ing the loading/unloading stages are given in Figure 9.6(b). During loading the
sample contracts, steadily at first, after which there is a clear yield point occur-
ring at a vertical net stress of about 150 kPa (see Figure 9.6(e). During unloading
the path curves initially and then inflexes with only very small changes in void
ratio occurring in the final stages of unloading. This differs from the response that
might be expected for a saturated sample and may be due to the rate of unloading.
The variation in the degree of saturation with vertical net stress plotted on a
logarithmic scale is shown in Figure 9.6(c). During both the loading and the un-
loading stages, a steady increase in the degree of saturation can clearly be seen to
have taken place. In reality the degree of saturation cannot increase above 100%
but it appears to do so during unloading stage. The reasons for this occurring
could be due to compliance within the apparatus or evaporation of water from
the reservoir during the loading/unloading stage. Evaporation losses would result
in an estimated degree of saturation in excess of 100% because of the way degree
of saturation is determined during a test. An initial determination of degree of
saturation based on moisture content was made at the start of each test. There-
after, variations in degree of saturation were calculated from variations in moisture
content. However, the actual moisture content in the sample was unknown and
so was estimated from the variation in the mass of solution in the reservoir (as-
suming that all changes in this value represent a change in water content in the
sample). Therefore, any evaporation loss would be interpreted as an increase in
the moisture content in the sample. Despite the precautions taken to avoid evap-
oration (culture dish and silicon oil) these cannot completely prevent it. Water
loss through evaporation cannot be quantified (which ran for a total of 52 days).
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 Figure 9.4: Response of suction probes during pumping pure water beneath the
sample.
It is likely that the sample was fully saturated by the end of the unloading stage.
Variations in the horizontal net stress during loading and unloading are given
in Figure 9.6(d). During loading the horizontal stress increases with increas-
ing vertical stress. The stress increment ratio, in terms of incremental stresses,
K¯o=∆σ¯H/∆σ¯v, has been introduced and was used in this research because the net
horizontal stress was developed not only due to loading but also due to wetting.
Before yielding the value K¯o is between 0.35 and 0.40 (assuming that K¯o can be
represented by the ratio of horizontal to vertical net stresses). After the point of
yielding, K¯o increases to around 0.42. The stress path during unloading is quite
different from that during loading one as would be expected (see Figure 9.6(d)).
At the end of the unloading there is a small locked-in horizontal stress of about
20 kPa.
Figure 9.6(e) shows the change in volumetric strain with vertical net stress. The
vertical strain, which is equal to volumetric strain during K¯o conditions, increases
with increasing vertical net stress. The path becomes almost linear along the post-
yield section. During loading, the sample compressed by almost 6% of its initial
height and during unloading it expanded by just over 3%, i.e. there was an overall
compression of the sample of about 3% from the loading/unloading stages. Figure
9.6(e) Also shows a plastic volumetric strain as the unloading path does not re-
trace the loading path. Figure 9.6(f) shows the full stress path in e-p¯-s space. The
program Matlab was used to plot the experimental results in e-p¯-s surface (the real
data are shown by the solid black line). Figure 9.6(f) also shows a twisted surface
which could be formed from the loading/unloading and wetting/dring stages.
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9.3.1.3 Test O2: black soil
Figure 9.7(a) shows the full stress path of sample O2. During this test the sam-
ple’s suction was initially reduced from the as-compacted value of about 500 kPa
to approximately 200 kPa. The solution’s concentration was 100 grams of PEG
35M per litre of water. This solution was circulated beneath of the sample and was
expected to give an osmotic potential of around 200 kPa. In practice, the suction
stopped reducing at a value of about 265 kPa. When loading initially commenced
the suction reduced to a value of about 200 kPa, after which the sample was loaded
at a constant suction of 200 kPa to a maximum vertical net stress of about 500
kPa. The unloading stage was then applied at a constant suction of 185 kPa. In
order to keep the suction at a constant level three different rates of loading were
tried and it was found that the suitable rate of loading was 1 kPa/hour. The
fluctuations that appear in the test were from room temperature changes as it
was not possible to control the room temperature during this test.
Results from the wetting phase are shown in Figures 9.7(b) to 9.7(f). In Fig-
ure 9.7(b), which shows a plot of suction versus vertical net stress, good control
of net vertical stress was maintained as the suction decreased from about 500 kPa
to about 275 kPa. At the start of the wetting stage there was a sudden reduction
in void ratio, as shown in Figure 9.7(c). The drop/collapse is larger than that
observed for sample O1 and takes place with a negligible change in suction. Sub-
sequently there is a gradual increase in void ratio as suction reduces. Much smaller
magnitudes of swelling took place compared with sample O1 (note larger scale in
Figure 9.7(c)) over the same increment of suction decrease. This is perhaps due
to sample O2 having a less changing in suction than sample O1.
Figure 9.7(d) shows the change in degree of saturation with decreasing suction.
During the wetting stage from 500 kPa suction to 200 kPa, the degree of satu-
ration increases by 2% from about 85.3% to 87.3%. As expected, the degree of
saturation increases with reducing suction. This plot is similar in shape to part
of the scanning wetting curve of the SWRC presented in Chapter 7.
The variation in horizontal net stress with suction is given in Figure 9.7(e). Dur-
ing the wetting phase the horizontal net stress remained roughly constant until
the suction decreased to about 340 kPa, after which it decreased. This decreasing
of horizontal stress has also been reported for test O1 (Figure 9.6(e)). In the
vertical sense, the sample at the beginning suddenly collapsed and then swelled as
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expected, when the suction decreased from about 500 kPa to 200 kPa. This can
be clearly seen in Figure 9.7(f) which shows the relation between vertical strain
(volumetric strain) and suction. The path has exactly the same form, but inverted,
as the void ratio plot shown in Figure 9.7(c).
The results from the loading/unloading paths are presented in Figures 9.8(a) to
9.8(e). As in test O1, the loading and unloading paths are different (Figure 9.8(a))
with the unloading path this time being below the loading path. This was unex-
pected as the target suction was set to be 200 kPa with a tolerance of ± 10 kPa
for loading and unloading stages. For the loading path, the suction remained at
a value of 200 kPa while for unloading path it remained close to 180 kPa. The
reasons for this are not clear, but may be due to the uncontrolled room temper-
ature during this test or the way the test was conducted. As with test O1, it is
assumed that these minor differences will not affect the main results derived from
these paths.
Figure 9.8(b) shows the changes in void ratio of the black soil sample during
the loading/unloading stage. The sample response has a similar form to that
of sample O1 (Figure 9.6(b)). Variations in degree of saturation with changing
vertical net stress are shown in Figure 9.8(c). During loading, as expected, the
degree of saturation increased with increasing vertical stress reaching a maximum
value of Sr = 95% at σ¯v= 500 kPa. Unexpectedly, during the unloading stage, the
degree of saturation continued to increase with decreasing load, with the sample
eventually becoming fully saturated. In fact at the end of the stage the value
of degree of saturation slightly exceeded 100%. As discussed for test O1, this is
probably related to experimental errors rather than actual material behaviour.
Variations in the horizontal net stress with vertical net stress during loading and
unloading are given in Figure 9.8(d). The K¯o value varies considerably during the
loading and unloading paths. The average value of K¯o was around 0.48 during
most of the loading path. During unloading the value remained about the same
value as for the loading path until σ¯v reduced to about 340 kPa, below which K¯o
decreased to around 0.31.
Figure 9.8(e) shows the changing volumetric strain with vertical net stress. The
volumetric strain increased with increasing vertical net stress, becoming a linear
relationship after about 100 kPa vertical net stress which implies that there is no
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sign of yielding during loading stage (unlike the yield as observed for sample O1
at zero suction). During loading, the sample compressed by 5% (c.f. 6% in test
O1) and then during unloading it expanded by 1.5% (c.f. 3% in test O1). Figure
9.8(f) shows the full stress path in e-p¯-s space. The surface formed, in e-p¯-s space,
is different in shape compared with that in Figure 9.6(f).
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9.3.1.4 Test O3: black soil
This test was similar in procedure to the tests O1 and O2, but this time the sam-
ple was statically compacted at a lower degree of saturation such that the initial
suction was about 800 kPa. The suction was then decreased to about 350 kPa
and kept constant at this value during the test using a solution of concentration
given by 200 grams of PEG 35M per litre of water. Figure 9.9(a) shows the full
stress path followed during the test. After the suction had equilibrated at 350
kPa the sample was loaded to a maximum vertical net stress of 500 kPa and then
afterwards unloaded at the same suction to a vertical load of 1.8 kPa. The rate of
loading was kept at 1 kPa per hour to ensure that the sample suction remained
constant during loading/unloading phases.
Results from the wetting stage are given in Figures 9.9(b) to 9.9(f) in the same
format as tests O1 and O2. Figure 9.9(c) shows the variation of void ratio with
reducing suction. The sample swelled slightly, with e changing from 0.703 to
0.713, when the suction reduced from 800 kPa to 350 kPa. As with tests O1 and
O2, the relationship between void ratio and suction is linear when plotted on a
semi-logarithmic scale. In this case there is no indication of any initial contrac-
tion/collapse on first wetting, as was seen in tests O1 and O2 (Figures 9.5(c) and
9.7(c)).
Figure 9.9(d) shows how the degree of saturation increased during the reduc-
tion in suction. Initially the degree of saturation only increased by about 1% as
suction reduced from 800 kPa to 450 kPa. It then sharply increased, with the
sample reaching a fully saturated condition at the final suction value of 350 kPa.
This sudden saturation is surprising given the suction level (350 kPa), considering
the SWRCs presented and discussed in Chapter 7 and the sample response during
the same stage in test O2 (Figure 9.7(d)).
The changes in horizontal net stress that took place with reducing suction are
shown in Figure 9.9(e). The sample response is somewhat similar to that ob-
served in test O1 (see Figure 9.5(e)). There was little change in horizontal net
stress when the suction reduced from 800 kPa to 450 kPa, but thereafter it sharply
increased, reaching a value of 95 kPa at the final suction level of 350 kPa. The
sudden increase at this suction level reflects the response observed in terms of
degree of saturation (Figure 9.9(d)). The reason for this is not known. There is
no evidence of similar responses in terms of void ratio or volumetric strain shown
in Figure 9.9(f). The volumetric strain steadily decreased with reducing suction,
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i.e. the sample swelled, in this case by only 0.45%.
Results derived from the loading/unloading phases (σ¯v increased from 1.8 kPa
to 500 kPa and back) are given in Figures 9.10(a) to 9.10(e). Figure 9.10(a) shows
that there were fluctuations in suction values during loading and unloading. As
explained earlier this was due difficulties in controlling the laboratory room tem-
perature. It is evident from Figure 9.10(b) that as soon as the sample was loaded,
it started to contract and, as with previous tests O1 and O2. There was also a
reduction compared with earlier tests in the compression index (Cc = 0.100, c.f.
0.126 in test O1 and 0.108 in test O2) and the expansion index (Cs = 0.012, c.f.
0.028 in test O1 and 0.018 in test O2).
Variations of degree of saturation with vertical net stress are shown in Figure
9.10(c). A converse response to that of tests O1 and O2 was observed with the de-
gree of saturation maintaining fully saturated condition until a vertical net stress
of 100 kPa and then unexpectedly decreasing during the rest of loading and un-
loading. This reduction in degree of saturation is probably due to water moving
from sample to reservoir (assessed by checking the reservoir weight) although the
sample was continuously compressed during loading.
The response of the horizontal net stress during loading/unloading phases, is
shown in Figure 9.10(d). The position where the sample started to make con-
tact horizontally with the lateral cell is clearly evident at a vertical net stress of
260 kPa. Prior to this point it is thought that the sample was not in contact due
to shrinkage from drying in the previous stage. It is clearly observed the corre-
sponding response in term of either e or Sr in Figures 9.10(b) and 9.10(c). The
K¯o values vary considerably during loading and unloading paths.
Changes in volumetric strain (vertical strain) with vertical net stress, shown in
Figure 9.10(e), closely resemble those observed in tests O1 and O2. However,
the swelling during unloading is less than 1%, c.f. 2.0% in test O1 and 1.5% in
test O2 (less than that in tests O1 and O2). Figure 9.10(e) also shows no sign
of ‘yield point’ as the graphs is nearly straight during the loading stage. Figure
9.10(f) shows the full stress path in e-p¯-s space. Figure 9.10(f) also shows a twisted
surface which is similar to that in Figure 9.6(f).
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9.3.1.5 Test O4: black soil
The stress path followed during test O4 is shown in Figure 9.11(a). This time
the suction in the as-compacted condition was approximately 600 kPa. In this
test it was decided to control the suction at 700 kPa during the course of the
test. After setting up the sample a solution of 300 grams of PEG per litre was
circulated beneath it causing the sample to dry during the initial stages of the
test. This pumping process increased the suction in the sample from 600 kPa to
around 720 kPa (i.e. slightly higher than intended). This drying process under
constant vertical stress is shown in Figure 7.11(b). The consequent reduction in
void ratio is shown in Figure 7.11(c) although it only slightly decreased during the
drying phase when the suction increased from 600 kPa to 720 kPa.
The variation of degree of saturation with suction, is shown in Figure 7.11(d),
and follows the expected pattern of behaviour, decreasing with increasing suction.
The change of horizontal net stress during drying is shown in Figure 9.11(e). The
plot shows that there is tendency for the horizontal stress to increase as the suc-
tion increases but only by 2 kPa for the suction increase from 600 kPa to 720
kPa. As the same time the volumetric strain increased by 0.16%, as shown in
Figure 9.11(f), i.e. the sample contracted. The volumetric strain is determined
from the displacement transducer measuring changes in the vertical (axial) height
of the sample. The slight increasing in horizontal net stress might have also been
associated with a very small radial contraction.
The response of the black soil at a constant suction of 720 kPa during loading
and unloading stages is given in Figures 9.12(a) to 9.12(e). Figure 9.12(a) shows
the unloading path lying above the loading path similar to the response observed
for samples O1 and O3. Referring to Figure 9.12(b), during loading at a nominal
suction of 700 kPa the sample contracted linearly during the loading stage (Fig-
ure 9.12(e)). The compression index is measured to be 0.070 while the expansion
index estimated to be 0.006. Both these indices are less than those determined for
tests O1, O2 and O3.
The increase in the degree of saturation observed during loading at constant suc-
tion, is common in all loading stages in the previous tests and this test as well
as shown in Figure 9.12(c). However, there is a different response during unload-
ing with the degree of saturation deceasing with reducing vertical stress (which is
more understandable).
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The change of horizonal net stress with vertical net stress is shown in Figure
9.12(d). As was the case with sample O3, sample O4 shrank during the previ-
ous drying stage and so lost contact with the lateral cell before the loading stage
started. There was no change in horizontal net stress indicated during loading un-
til the vertical net stress reached 420 kPa (c.f. 260 kPa for sample O3), after which
the horizontal net stress increased rapidly with increasing vertical stress until the
end of loading stage. A similar sort of response occurred during the unloading
stage with the horizonal net stress levelling off at around 350 kPa vertical net
stress. The variation of volumetric strain with vertical net stress during loading
and unloading, given in Figure 9.12(e), is the same response as that observed in
the previous tests with no sign of yielding during the loading stage. Figure 9.12(f)
shows the full stress path in e-p¯-s space. Figure 9.12(f) also shows a surface similar
to that in Figure 9.8(f) but different from those in Figures 9.6(f) and 9.10(f).
294
 (a
)
 
(b
)
 
(c
)
 
(d
)
 
(e
)
 
(f
)
F
ig
u
re
9.
11
:
T
es
t
O
4:
re
sp
on
se
s
d
u
ri
n
g
w
et
ti
n
g
at
co
n
st
an
t
ve
rt
ic
al
st
re
ss
(a
)
co
m
p
le
te
st
re
ss
p
at
h
,
(b
)
ve
rt
ic
al
n
et
st
re
ss
ve
rs
u
s
su
ct
io
n
,
(c
)
su
ct
io
n
ve
rs
u
s
vo
id
ra
ti
o,
(d
)
su
ct
io
n
ve
rs
u
s
d
eg
re
e
of
sa
tu
ra
ti
on
,
(e
)
su
ct
io
n
ve
rs
u
s
h
or
iz
on
ta
l
n
et
st
re
ss
an
d
(f
)
su
ct
io
n
ve
rs
u
s
ve
rt
ic
al
st
ra
in
(v
ol
u
m
et
ri
c
st
ra
in
).
295
 (a
)
 
(b
)
 
(c
)
 
(d
)
 
(e
)
Ma
thl
ab
(f
)
F
ig
u
re
9.
12
:
T
es
t
O
4:
re
sp
on
se
s
d
u
ri
n
g
lo
ad
in
g/
u
n
lo
ad
in
g
at
co
n
st
an
t
su
ct
io
n
(a
)
ve
rt
ic
al
n
et
st
re
ss
ve
rs
u
s
su
ct
io
n
,
(b
)
ve
rt
ic
al
n
et
st
re
ss
ve
rs
u
s
vo
id
ra
ti
o,
(c
)
ve
rt
ic
al
n
et
st
re
ss
ve
rs
u
s
d
eg
re
e
of
sa
tu
ra
ti
on
,
(d
)
ve
rt
ic
al
n
et
st
re
ss
ve
rs
u
s
h
or
iz
on
ta
l
n
et
st
re
ss
,
(e
)
ve
rt
ic
al
n
et
st
re
ss
ve
rs
u
s
ve
rt
ic
al
st
ra
in
an
d
(f
)
co
m
p
le
te
st
re
ss
p
at
h
in
e-
p¯-
s
sp
ac
e.
296
9.3.2 Examples of samples following load-unload at con-
stant suction paths: red soil
9.3.2.1 Introduction
The response of four compacted red samples were investigated in the osmotic
oedometer using this type of stress path with suction maintained at nominally
constant values of 0, 200, 350, and 700 kPa during load/unload stages. In this
way the stress paths followed in tests O1, O2, O3 and O4 for the black soil are
replicated so that direct comparisons can be made of the responses of the two
soils.
9.3.2.2 Test OR1: red soil
In this test, the response of sample OR1 loaded at a constant suction of circa
50 kPa, after being wetted under a 1.8 kPa vertical net stress, was investigated.
The original intention was to statically compact the sample at its optimum water
content (25%). However corresponding suction measured was higher than 1000
kPa and consequently caused the suction probe to cavitate when placed in con-
tact with the sample (this measurement being made prior to setting the sample
up in the osmotic oedometer to check the suction value). It was therefore decided
to compact the sample wetter than the optimum water content at w = 30%. This
small increase in water content gave a suction value of about 275 kPa, well within
the limit of the suction probes. This then made it possible to wet or dry the sam-
ple using PEG solution to control the suction. The aim of this series of tests was
twofold: (i) to investigate the response of soil during wetting/drying stages under
a nominal vertical load, and be able to compare the results with those derived
from corresponding tests on the black soil; and (ii) to observe the soil response
during load/unload cycles under constant suction.
Figure 9.13(a) shows the full stress path of test OR1. The suction in the sample
was reduced from the as-compacted value of 275 kPa to an equilibrium value of
circa 50 kPa, whilst the load was maintained at a nominal value of 1.8 kPa (Figure
9.13(a) and (b)). After reaching equilibrium at a constant suction of 50 kPa, the
sample was loaded at rate of 1 kPa/hr to a maximum vertical stress of 500 kPa
and then unloaded back to the initial vertical load (1.8 kPa).
First the wetting results are presented in Figures 9.13(b) to (f) in the same format
as the figures showing the test results for the black soil samples. Figure 9.13(c)
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shows void ratio steadily increasing as suction decreases during the wetting (i.e.
sample increasing in volume). The relationship between void ratio and log suction
is linear which is similar to that for the corresponding black soil test shown in
Figure 9.5(c).
The variation of degree of saturation with wetting is shown in Figure 9.13(d),
with degree of saturation increasing as expected. The sample reached a fully sat-
urated state when the suction reduced to about 100 kPa and levelled off at this
condition until the end of the wetting stage.
Initially there was little change in the horizontal net stress but then it steadily
increased by about 70 kPa up to a suction of about 140 kPa after which remained
at this level until the end of wetting phase (Figure 9.13(e)). There was no collapse
in horizontal stress as was observed for corresponding black soil sample O1 shown
in Figure 9.5(e). Figure 9.13(f) shows that the volumetric strain decreased by
about 1.5% (i.e. dilated) as the suction decreased from 275kPa to 50 kPa.
Results from the loading/unloading stage are given in Figure 9.14. At the
start of this stage the suction was at about 50 kPa (Figure 9.14(a)). This was
reduced and successfully held at about 25-30 kPa for most of the loading stage.
Suction values increased during unloading, indicating perhaps that the rate of
loading should have been reduced slightly. Changes in void ratio during loading
are shown in Figure 9.14(b). As the vertical stress increased, the sample started
to yield at a stress of about σ¯v = 110 kPa (see Figure 9.14(e), after which the rate
of change of void ratio increased with increasing load. Comparing the response
of this sample with that of sample O1 during loading at a similar value of suc-
tion, indicates that similar compression curves were obtained regardless the type
of soil used (Figures 9.6(b) and Figure 9.14(b)). It appears from Figure 9.14(c)
that the degree of saturation increased above 100% to an apparent value of 110%
during the loading and then remained constant at this value during unloading. As
discussed earlier the reason for this can be explained as being due to evaporation
losses from the PEG solution. It seems likely that the sample was fully saturated
by the end of the loading stage. This suggests that either the sample was not
fully saturated at the end of the wetting stage or that evaporation only occurred
during the later part of the loading stage.
Inspection of Figure 9.14(d) reveals that the value of K¯o during loading along
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the post-yield compression line is about 0.28 (c.f. 0.42 for the black soil). This
value is marginally lower during unloading being around 0.22. The variation of
volumetric strain with vertical net stress, given in Figure 9.14(e), indicates that
the volumetric strain increased by 10.5% during loading and then reduced to 3%
during unloading. Figure 9.14(f) shows the full stress path in e-p¯-s space and it
reveals a twisted surface similar to that of sample O1 in Figure 9.6(f). The cause
of the twisted surface, as mentioned before, could be from these reversal stages
(wetting/drying and loading/unloading).
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9.3.2.3 Test OR2: red soil
During this test the suction was reduced from the initial as-compacted value of
265 kPa to the target value of 200 kPa, whilst the vertical net stress was kept
at a nominal value of 1.8 kPa. On reaching an equilibrium state, the soil was
loaded and unloaded at constant suction of circa 200 kPa, the vertical stress being
increased from the initial value of 1.8 kPa to maximum value of 500 kPa, before
being reduced back again during unloading stage. Figure 9.15(a) shows the full
path of the test.
The response of sample OR2 during the wetting stage at constant nominal load
of 1.8 kPa is given in Figures 9.15(b) to (f). During the wetting stage, the void
ratio of the sample increased during decreasing the suction as presented in Figure
9.15(c). The same response was observed during the wetting of corresponding
black soil sample O2 under the same nominal vertical stress (Figure 9.7(c)), with
the shape of the wetting curve being linear. Figure 9.15(d) shows that there was
an increase in degree of saturation by about 0.60 % when the suction decreased
from 265kPa to 200 kPa. The evolution of the horizontal net stress with suction is
given in Figure 9.15(e), showing a significant increase in stress during the wetting
stage. The horizontal net stress increased by 50 kPa when the suction decreased
by only 35 kPa, and at the same time the volumetric strain increased by 0.07%
(Figure 9.15(f)).
Results from loading-unloading stage after controlling the suction at 200 kPa are
given in Figure 9.16(a) to (e). The stress-suction path of sample OR2 is shown
in Figure 9.16(a), there is a variation in suction during loading. Although the
suction should be controlled by the osmotic system, increasing the vertical net
stress on the sample will tend to reduce the suction. This could be countered
by increasing the PEG solution but in practice the loading rate was reduced if
the suction started to reduce to allow equilibration to take place. The converse
effect can occur on unloading. The void ratio response is shown in Figure 9.16(b)
with no clear yield point occurring during loading (Figure 9.16(e)). Figure 9.16(c)
shows the variation in degree of saturation with vertical loading. At the start
of the loading stage the degree of saturation is about 89% which increases with
load to an apparent value of 105%. As discussed earlier this is most likely due to
evaporation from the PEG solution. There is little change during unloading stage.
The average K¯o during loading is found from Figure 9.16(d) to be 0.62. Figure
9.16(e) shows an increase in volumetric strain by 10.5% (i.e. contraction) during
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loading and decrease by 2% during unloading (swelling). Also the figure shows
that no sign of yielding occurred but an overall plastic volumetric straining took
place during loading and unloading stages. Figure 9.16(f) shows the full stress
path in e-p¯-s space. Figure 9.16(f) indicates a twisted surface different from that
of sample O2 (Figure 9.8(f)).
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9.3.2.4 Test OR3: red soil
Test OR3 was carried out in order to investigate the response of the red soil during
loading/unloading at a constant suction of about 400 kPa (Figures 9.17 and 9.18).
At the beginning the suction was increased from the as-compacted value of 200
kPa to an equilibrium value of 480 kPa. The drying stage was carried out under a
nominal load of 1.8 kPa (by changing the concentration of the solution), the stress
path of the drying stage is shown in Figure 9.17(b). After the equilibrium state
had been reached, the intention was to load the sample at a constant suction of
480 kPa to maximum vertical stress of 500 kPa.
The response of the sample during the drying stage is given in Figures 9.17(b) to
(f). Figure 9.17(c) shows how sample OR3 contracted during the drying stage as
expected.
The change in degree of saturation and variation in the horizontal net stress during
the drying phase are shown in Figures 9.17(d) and 9.17(e). Figure 9.17(d) reveals
an unexpected response, in that the degree of saturation increased with increasing
suction during drying path. The change is very small and it is possible that
the problem with evaporation caused a greater apparent increase in Sr than the
decrease that would be expected. Similarly an unexpected evolution of horizontal
net stress occurs with increasing suction (Figure 9.17(e)), although again changes
are very small. This response differs from the response of samples OR1 (sample
OR1 Figure 9.13(e)) and sample OR2 (Figure 9.15(e)) previously discussed. Figure
9.17(f) shows the variation in volumetric strain with suction, which is similar to
that for sample OR2 shown in Figure 9.15(f), where there was a compression of
1.5% when the suction increased from 200 kPa to 480 kPa
Results from the loading-unloading stages are presented in Figures 9.18(a) to
(e). The loading-unloading behaviour was broadly similar compared with the
results from samples OR1 and OR2 except that a significant reduction in suction
occurred during loading, falling from 480 kPa to about 300 kPa (the reason have
not yet been established). Suction then increased during unloading returning to
its original value. The sample shrank and lost contact with the lateral cell, similar
to the case of samples O3 and O4. The horizontal net stress started to develop at
260 kPa and the post-contact value of K¯o during the loading stage was calculated
to be 0.40 from Figure 9.18(d). Figure 9.18(f) shows the full stress path in e-
p¯-s space. Figure 9.18(f) reveals a twisted surface similar to that of O3 (Figure
9.10(f)).
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9.3.2.5 Test OR4: red soil
The purpose of this test was once again to assess the response of red soil during
drying under constant load, allowing a check on repeatability to be made. This
time the suction was increased to 720 kPa and the sample response during the
loading-unloading cycle observed (Figure 9.19(a)). At the start of test OR4, the
suction was increased from the as-compacted value of 270 kPa to the equilibrium
value of 720 kPa (Figure 9.19(b)) by circulating a solution with a concentration of
300 PEG/litre beneath the sample. After reaching the equilibrium state under a
nominal load of 1.8 kPa, sample OR4 was loaded to a maximum load of 500 kPa
at a constant suction of 720 kPa, before unloading, at a constant suction of 795
kPa to a minimum vertical stress of 1.8 kPa.
The responses of sample OR4 during the drying stage are presented in Figures
9.19(b) to (f). Comparison with Figures 9.17(b) to (f) related to sample OR3,
shows remarkable similarities in the response of both samples, except that in Fig-
ure 9.19(e) the degree of saturation decreased with increasing suction as would
normally be expected. It was also observed that in Figures 9.19(c) and (d) a
roughly linear relationship is indicated between void ratio and degree of satura-
tion and suction.
The responses of sample OR4 during the loading-unloading cycle is presented
in Figures 9.20(a) to (e). Again there is generally a remarkable similarity in
response between this sample and sample OR3. As would be expected, there are
some small differences, for example comparing Figures 9.18(d) and 9.20(d), the
horizontal stress started to develop at vertical stress of 290 kPa, c.f. 260 kPa for
sample OR3. The post-contact value of K¯o is calculated from Figure 9.20(d) to
be 0.40, similar to that of sample OR3. Figure 9.20(f) shows the full stress path
in e-p¯-s space. Figure 9.20(f) indicates a twisted surface different from that of
sample O4 (Figure 9.12(f)).
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9.3.3 Examples of samples following suction change at con-
stant volume path
9.3.3.1 Test O5: black soil
The full stress path followed during test O5 is shown in Figure 9.21(a). The suc-
tion was reduced from its as-compacted state, by circulating pure water, while the
volume of the sample was kept constant. Once an equilibration state was achieved,
a loading-unloading cycle at constant suction was performed. The aim of this test
was to investigate the effect of a different stress path on the compressibility char-
acteristics. Figure 9.21(b) shows the wetting path from an initial suction of 665
kPa to a value of 58 kPa. In order to achieve conditions of zero volumetric strain
it was necessary to increase the vertical net stress from almost 1.8 kPa to 75 kPa.
This was followed by a loading stage at a constant suction of 65 kPa to a maximum
vertical stress of 500 kPa and then unloading back to the first nominal vertical
stress of 1.8 kPa.
The results from the wetting stage are presented in Figures 9.21(b) to (f). Figure
9.21(c) shows that the void ratio and hence volume was controlled very well being
kept constant during the wetting stage. The variation of degree of saturation with
suction, shown in Figure 9.21(d), increased almost linearly with reducing log suc-
tion. The evolution of horizontal net stress is illustrated in Figure 9.21(e). The
response is similar to that in Figure 9.5(e), the horizontal stress started to develop
at about 300 kPa suction (c.f. 450 kPa for sample O1) until there was a collapse
horizontally at a suction of about 150 kPa (c.f. 200 kPa for sample O1). Figure
9.21(f) confirms that there was negligible volume change during wetting.
The response of the sample O5 during the loading-unloading stages is given in
Figures 9.22(a) to (e). Although the intention was to maintain the suction at 58
kPa, it can be seen that it reduced slightly on loading and then increased during
unloading. As discussed for earlier tests, this probably suggests that the loading
rate was slightly too high. With reference to Figure 9.22(b), during loading at the
nominally constant suction of 58 kPa, the sample does not show yielding during
loading stage (Figure 9.22(e)) compared to that observed during wetting at a con-
stant load. The compression index, Cc , was found to be 0.097 (c.f. Cc = 0.126
for wetting at a constant load).
Figure 9.22(c) shows the variation of Sr during loading-unloading cycle. Ini-
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tially, the Sr value increased slightly and then sharply decreased towards the final
load application which was unexpected during the loading stage. Also unexpected
behaviour was observed during unloading as at the start Sr suddenly decreased
and then levelled off until the end of unloading stage. Reasons for this have not yet
been established. The results plotted in Figure 9.22(d) show changes in horizonal
net stress during the loading-unloading stages. The value of K¯o, corresponding
to normal compression was found to be 0.30 (c.f. K¯o=0.40 for constant loading).
The response in terms of volumetric strains during the loading-unloading cycle
was similar for all samples tested earlier (Figure 9.22(e)). Figure 9.22(f) shows
the full stress path in e-p¯-s space. Figure 9.22(f) shows a twisted surface similar
to most of the previous tests.
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9.3.3.2 Test OR5: red soil
This test is similar to some degree to test OR1, in the sense that pure water was
circulated beneath the sample in order to achieve zero suction in a single stage.
The volume of the sample was kept constant (c.f. sample OR1, for which the
vertical stress was kept constant). This is shown in Figure 9.23(a), in which the
suction reduced from its as-compacted value (around 500 kPa) to a value close to
zero. On reaching equilibrium at which point the vertical stress was 46 kPa, the
sample was loaded to a maximum stress of 500 kPa and then unloaded back to a
nominal vertical net stress of 1.8 kPa.
The results from the wetting stage phase are given in Figures 9.23(b) to (e). Fig-
ure 9.23(b) shows that during wetting at constant volume the change in vertical
stress required to maintain constant volume is less than the drop in suction with
ds/dσ¯v = −10.9. Comparison between Figure 9.23 and Figure 9.13 corresponding
to sample OR1 shows remarkable similarities in the response of both samples dur-
ing the wetting stage.
The response of the sample OR5 during loading is presented in Figures 9.24(a) to
(e). The behaviour also shows similarities in the response during loading-unloading
phase compared with sample OR1 except that there is no sign of a yield point dur-
ing the loading stage. The K¯o value was found to be 0.37 from Figure 9.24(d) (c.f.
Ko = 0.35 Figure 9.13(d) relating to sample OR1). Figure 9.24(f) shows the full
stress path in e-p¯-s space. Figure 9.22(f) shows a twisted surface similar to tests
OR1, OR2, OR3 and OR4.
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9.4 Validation of LC curve
Tests on sample O6 (black soil) and OR6 (red soil) were performed in order to
investigate the impact of wetting-drying and loading-unloading processes on the
position of the load-collapse (LC) yield curve. The aims of these tests were to:
(a) validate the LC curve from various directions and; (b) define an expanded LC
curve.
9.4.1 Black soil: sample O6
Figure 9.25 presents the suction-vertical net stress path followed by sample O6 and
the corresponding void ratio and volumetric strain. First the sample was dried
from the as-compacted state with suction of 154 kPa to a value of 320 kPa at a
constant vertical stress of 225 kPa. During this drying stage, path 0-1, the sample
yielded at 180 kPa (Figure 9.25(c)) as indicated by the arrow on path 0-1 in Figure
9.25(a). Then during the first load/unload phase at a suction of about 320 kPa,
path 1-2-3, the sample yielded at a vertical net stress of 280 kPa as shown by the
arrow marked on path 1-2. The first decrease in suction and load stages pushed
the yielding point on path 0-1 to the right (marked with an arrow on path 1-2) as
irreversible deformations were induced. The second load/unload stage at a suction
of about 670 kPa does not show any sign of yielding (Figure 9.25(d)). These yield
points are caused by both increment of loading and decrement of suction.
9.4.2 Red soil: sample OR6
The test on sample OR6 was performed in similar way as for sample O6. The
yield stress points and the corresponding void ratio and volumetric strain are
presented in Figure 9.26. First the sample was wetted up from the as-compacted
suction of 258 kPa to 43 kPa (path 1-2) then the sample was dried from this
point to 325 kPa. During this drying stage, the sample slightly yielded at 220
kPa as shown in Figure 9.26(c) and marked with an arrow on path 2-3. This
behaviour was expected as both an increase of loading and decrease in suction
will induce compressive volumetric irreversible deformation. However, during the
second load/unload stage at high suction (650-750 kPa), there is no sign of a yield
point occurring as shown in Figure 9.26(d) on path 6-7.
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 (a)
 
(b)
Figure 9.25: Mechanical response of black sample O6 in terms of: (a) stress-suction
paths : (b) void ratio-suction : (c) volumetric strain-suction; and (d) volumetric
strain-vertical net stress.
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(d)
Figure 9.25: Mechanical response of black sample O6 in terms of: (a) stress-suction
paths : (b) void ratio-suction : (c) volumetric strain-suction; and (d) volumetric
strain-vertical net stress.
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(b)
Figure 9.26: Mechanical response of red sample OR6 in terms of: (a) stress-suction
paths : (b) void ratio-suction : (c) volumetric strain-suction; and (d) volumetric
strain-vertical net stress.
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(d)
Figure 9.26: Mechanical response of red sample OR6 in terms of: (a) stress-suction
paths : (b) void ratio-suction : (c) volumetric strain-suction; and (d) volumetric
strain-vertical net stress.
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9.5 Analysis and interpretation of test results
9.5.1 Loading-unloading at constant suction: black soil
Figure 9.27 shows the loading-unloading cycles of samples O1, O2, O3 and O4 at
different suction values. First these samples were either wetted or dried from their
as-compacted state under a nominal vertical stress of 1.8 kPa in order to achieve
the target suction. The reconstituted sample results, consolidated to 200 kPa in
the large consolidometer from a slurry state, are also plotted on Figure 9.27(a).
From the figure it can observed that an increase in suction has a marked effect on
the mechanical response of the material during a cycle of loading-unloading. The
following observations can be made.
(a) The value of the compression index, Cc, during loading decreases with in-
creasing suction (Figure 9.27(b)),
(b) The value of the expansion index, Cs, during unloading also decreases with
increasing suction (Figure 9.27(b)),
The Cs is function of suction and for the black soil can be represented by the
following equation.
Cs(s) = 0.0279e
(−0.002s) (9.1)
9.5.2 Loading-unloading at constant suction: red soil
Figure 9.30 shows results from the tests performed on the red soil samples in the
osmotic oedometer, in order to define the location of yield points in the same way
as for the black soil. Samples were either wetted or dried under constant vertical
stress to different (target) suction values, followed by loading and unloading at
constant suction. Figure 9.30(a) shows the response of four samples allowed to
wet or dry to different average final values of suction: 0, 200, 350 and 700 kPa.
The load was applied slowly (rate of 1 kPa/hr) and continuously to ensure that
the suction remained close to the target value. From Figure 9.30 it can be ob-
served, as for the black soil, that an increase in suction has a marked effect on
the mechanical response of the material during a cycle of loading-unloading. The
following observations can be made.
(a) The value of the compression index, Cc, during loading decreases slightly with
increasing suction (Figure 9.30(b)).
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 (a)
 
(b)
Figure 9.27: Load-unload curves for the black soil samples at different values of
suction (a) normalised void ratio-log vertical net stress and (b) variations of Cc
and Cs with suction.
325
 (a)
 
(b)
Figure 9.28: Load-unload curves for the red soil samples at different values of
suction (a) normalised void ratio-log vertical net stress and (b) variations of Cc
and Cs with suction .
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(b) The value of the expansion index, Cs, during unloading also decreases with
increasing suction (Figure 9.30(b)).
For the red soil, the κ or Cs values are also a function of suction and can be
represented by the following exponential equation.
Cs(s) = 0.0239e
(−0.001s) (9.2)
9.6 Summary and conclusions
9.6.1 Mechanical behaviour
The mechanical behaviour of unsaturated soils is different to that of fully satu-
rated soils. The results from controlled-suction tests using osmotic techniques on
samples of partly saturated compacted black and red clay were used to investi-
gate the influence of load and suction changes on their volumetric behaviour. The
selected paths have included a combination of loading-unloading at a constant
suction, cycles of wetting-drying at a constant vertical load, and wetting-drying
at constant volume followed by loading-unloading at constant suction.
On the basis of the experimental evidence from the tests on the black and red
soils, it is evident that changes in suction have a significant effect on compression
and expansion indices, which decrease with increasing suction.
9.6.2 Constitutive models
Elasto-plastic constitutive models have been developed for both expansive and
non-expansive soils. Most elasto-plastic models are created and extended from
models from fully saturated soils and are based on the concept of the loading-
collapse yield surface (LC). The elasto-plastic models proposed by Wheeler and
Sivakumar (1995) and Alonso et al. (1990) (BBM) are not suitable for predicting
the behaviour of the unsaturated compacted black and red soils as both models
generate loading-collapse curves (LC). The results show only very limited signs
of a ‘yield point’ for both Sudanese clays as many of the graphs of volumetric
strain versus either stress or suction are either nearly straight or only very gently
curved. Further tests are needed to investigate the soil responses at higher suction
and vertical stress levels.
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Chapter 10
Conclusions and
recommendations
The research described in this thesis aimed at finding a behavioural framework
for two plastic expansive clays from Sudan. Samples from two locations were col-
lected, the soil at one was a black cotton clay and at the other a red clay. For
each of the clay soils, saturated and unsaturated behaviour was investigated by
performing oedometer, triaxial and osmotic oedometer tests on intact, reconsti-
tuted and compacted samples. SWRCs were developed for both clays and several
aspects investigated including their hysteretic response and the modelling of the
PDC and PWC. The main findings that have emerged during this research are
now presented as conclusions
A number of basic characteristics of the two plastic soils were classified. Par-
ticles size distribution curves show that the black soil is predominantly a sandy
(22%) silty (26%) clay (48%) and the red soil is a slightly sandy (8%) silty (38%)
clay (50%), both soils contain very small fractions of gravel. The specific grav-
ity values of the two plastic clay soils are very close (black soil Gs=2.72%, red
soil Gs=2.78) although the sand and silt content are remarkably different. This
is perhaps because the clay mineralogy between the two soils is similar, being
predominantly montmorillonite. The difference in gradings is reflected by the At-
terberg limits with the black clay being classified as a high plasticity soil (CV)
and the red clay as very high plasticity soil (CH).
The water content used to form a slurry for preparing reconstituted samples
was 1.5 times the liquid limit as proposed by Burland (1990). The intrinsic com-
pression lines (ICL) of reconstituted samples of both soils exhibit similar relation-
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ships in the e-logσ′v plane. Differences in the plasticity of the two clays had a
direct influence on their initial void ratio (the red soil having higher void ratio
than the black soil) and hence, the position of their ICL. The reconstituted red
samples are more compressible that the reconstituted black samples with greater
values of initial coefficient of volume compressibility, mv.
Only intact black samples were investigated in this research (there was no op-
portunity to collect undisturbed red clay samples). The intact black soil samples
exhibited a high swelling potential at low vertical stresses and little collapse at a
higher stress levels when flooded within the oedometer apparatus at their natural
water content. For example at the lowest stress level of 1.87 kPa, the black soil
swelled by about 50 % volumetric strain. The swelling pressure was found to be 1
MPa and collapse behaviour at higher stress levels had no influence on subsequent
expansion curves.
The black reconstituted soil samples, being coarser than the reconstituted red
samples, exhibited greater φ′peak values (φ
′
peak = 26.0° for the black soil versus
φ′peak = 20.0° for the red soil). The Mohr-Coulomb shear strength envelope in
compression was steeper than in extension in the case of both the black and red
soil samples although less so for the red soil samples. Another behaviour exhibited
by both soils was that the failure envelope in extension indicated a non-zero in-
tercept coefficient value. The reason for this extra strength for the samples tested
in extension is not clear. In view of this seeming anomaly, it might be better to
express the failure envelope as a power function starting from the origin in p′-q
space: appropriate expressions are formulated in the thesis. In this way the addi-
tional component of strength in extension from cohesion, as expressed using the
Mohr-Coulomb formulation, is built into the power function, making the failure
envelope in compression and extension more compatible.
The reconstituted samples of both soils sheared in compression and extension
exhibited similar trends and values of normalised undrained stiffness regardless of
the shearing mode. Distinct shear band failure was observed in most samples of
both clay soils when shearing in compression or extension.
Results from unconsolidated undrained shearing tests on unsaturated intact
black soil samples indicate that the undrained shear strength, Su, increases with
increasing confining stress with this relationship being almost linear. This increase
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in strength reflects the fact that the samples were unsaturated (average Sro=78%)
and so increases in total stress (i.e. cell pressure) are largely transferred to the
solid phase of the soils. At lower levels of total stress suction has a greater influ-
ence on strength. The intact samples exhibited a shear band failure with brittle
behaviour and the brittleness reduced as confining pressure increased.
Triaxial tests involving one-dimensional (Ko) consolidation prior to shearing
were performed on reconstituted samples of both clays. Ko values were deter-
mined from these consolidation stages (Ko= 0.57 for the black soil and Ko= 0.59
for the red soil). The one-dimensional compression curves obtained from the tri-
axial tests are slightly different to those obtained from oedometer tests, with the
triaxial curves lying beyond (to the right of) the normal compression line. The re-
constituted Ko-consolidated samples exhibited much more brittle behaviour com-
pared with samples consolidated isotropically when sheared undrained. A similar
response has been noted by other researchers (e.g. Pickles, 1989). The stiffness
response observed in both sets of tests (Ko and isotropic consolidation) are very
similar with all samples exhibiting shear band failure in compression and exten-
sion when sheared undrained.
SWRCs were determined from reconstituted samples of the black and red soils.
SWRCs for the both soils showed significant hysteresis between first drying and
first wetting curves and then little hysteresis for following cycles. SWRCs were
generated using different sample sizes to assess whether this would influence equi-
librium of suctions and cracking. The results indicate that there is no significant
effect of sample size on the SWRC. Experimental SWRCs were modelled using
van Genuchten’s formulation. The experimental data did not extend to the resid-
ual state as suctions in this condition far exceeded the limit of the filter paper
technique used. By making several assumptions, it was possible to use the van
Genuchten formulation to complete the full SWRC. Both contact and non-contact
filter paper measurements were made to generate SWRCs in terms of matrix and
total suction. Differences between the curves reflect the magnitude of osmotic
suction which is associated with the presence of salts. Both soils exhibited small
components of osmotic suction which correlates well with small percentages of
salts detected from the XRD analysis.
In view of the difficultly in estimating the final residual point of the PDC and
hence the start of the PWC, a number of SWRCs were generated for statically
330
compacted samples of both soils. These curves were found to lie much further
to the left of the initially estimated PWC (from the van Genuchten equation).
Although not fully developed, theses curves are considered to form part of the
Soil-Water-Retention-Surface (SWRS) postulated by Tsiampousi et al. (2013).
The shrinkage behaviour of the black soil was observed to be different from
that of the red soil in water content-void ratio plane. The shrinkage limit was well
defined for both the black and red soils. In the latter case the shrinkage limit was
reached at almost the same point at which the sample desaturated (at Sr= 97%).
In fact the red soil sustained high degrees of saturation even when subjected to
high suction levels.
An approach involving several assumptions was developed to investigate the
required equilibrium times when measuring soil suction using the filter paper tech-
nique. The approach used is based on the 1-D consolidation theory developed for
saturated soils. Estimates were obtained of the permeability values with respect
to the water phase, kw, during drying stages using Gardner’s expression, the value
of kw was also calculated from the SWRCs. The results show that for finer soils,
two log cycles of suction would result in a reduction of kw of about two orders of
magnitude while for coarser soil, two cycles of suction would result a reduction in
kw by about ten orders of magnitude. The a and n values determined for the black
and red soils seem reasonable, being within the range given by Gardner (1958).
The influence of load and suction changes on the volumetric behaviour of com-
pacted black and red samples was investigated using osmotic oedometer apparatus.
It was found that suction has a significant effect on the compression index and
expansion index for both soils.
Several constitutive models for simulating the response of unsaturated soils
have been developed, e.g. the elastoplastic models proposed by Alonso et al.
(1990) (BBM) and Wheeler and Sivakumar (1995). These were used to predict
the behaviour of unsaturated compacted samples of the black and red soils. Predic-
tions made using both these models are not suitable for simulating the behaviour
of the unsaturated compacted black and red soils as both models generate loading-
collapse curves (LC). The results show only very limited signs of a ‘yield point’
for both Sudanese clays as many of the graphs of volumetric strain versus either
stress or suction are either nearly straight or only very gently curved. The yielding
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points found are not on the LC curve as these points are formed due to cycles of
both increment in loading and decrement in suction. Further tests are needed to
investigate the soil responses at higher suction and vertical stress levels. However,
the BBM was in fact developed based on the behaviour of non-expansive or mod-
erately expansive partly saturated clay soils derived from experimental data. It
is recognised that it might not be suitable for expansive soils such as the black
and red soils especially in their in-situ intact state. The reason this model was
used in this research is that the suction imposed and measured during the exper-
imental tests of the statically compacted samples was limited by the capacity of
the suction probes to less than 800 kPa which allowed only a moderate swelling
potential to develop for both the black and red clay samples tested in the osmotic
oedometers.
10.1 Suggestions for future research
This research has investigated the mechanical response of two plastic expansive
soils, in both saturated and unsaturated conditions. Further research on the black
and red soils is required for a better understanding of their mechanical behaviour,
especially using high quality intact samples. The following recommendations are
made.
 Further tests are required to provide more comprehensive data to examine
the behaviour of intact red soil samples.
 High pressure triaxial apparatus was used in an attempt to saturate the
intact black soil, but the procedure was not successful. Therefore new tech-
niques are required to saturate the natural undisturbed samples in order to
complete the full picture of the behaviour of black and red soils.
 When developing the SWRC from experimental observations, it is sometimes
difficult or not possible to measure the response (in terms of suction) of a
clay as it dries towards its residual value. The SWRC PDC can be extrap-
olated to the residual condition using a modelling expression such as that
proposed by van Genuchten (1980), although it is still necessary to make
various assumptions. It is then possible to formulate the PWC from the
residual point calculated. To model the SWRC fully, a three-dimensional
Soil-Water-Retention-Surface (SWRS) in s-Sr-ν space should be formulated,
as proposed by Tsiampousi et al. (2013).
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 The LC yield surface, which separates quasi-elastic from plastic volumetric
behaviour, should be investigated with more extensive data. This could
be achieved by performing a number of additional loading-unloading and
wetting/drying tests at a high level of suction and vertical stress in the
osmotic oedometer.
 The influence of wetting and drying cycles on the response of plastic soils,
during subsequent loading at a constant suction, requires further and more
detailed investigation. The current research, described in this thesis, has
proved that cycling has a significant effect on the degree of saturation and the
results show a significant effect on the volumetric behaviour during loading-
unloading stages.
 An investigation into the strength and stiffness of compacted samples using
an osmotic triaxial cell (or an other system where suction can be measured
and controlled) is required to complete the full picture of the unsaturated
behaviour during shearing. In this way a full set of ‘parameters’ could be
developed to implement in a suitable constitutive model. Such models have
been coded into numerical analysis programs (e.g. ICFEP, as reported by
Georgiadis et al., 2005) and allow the ground response for real boundary
value engineering problems involving compacted soils to be simulated.
333
References
Abu-Hejleh, A. N. and Znidarcic, D. (1995), ‘Desiccation theory for soft cohesive
soils’, Journal of Geotechnical Engineering 121(6), 493–502.
Ahmad, N. (1996), ‘Occurrence and distribution of vertisols’, Developments in Soil
Science 24, 1–41.
Aitchison, G. D. (1965), Moisture equilibria and moisture changes in soils beneath
covered areas, Asymposium in print, Aitchinson, G.D.ed, Australia: Butter-
worths, 278p[Reported in Fredlund and Rahardjo (1993)].
Aitchison, G. and Richards, B. (1965), A broad-scale study of moisture condi-
tions in pavement subgrades throughout australia, in ‘Proceedings of conference
on moisture equilibrium and moisture changes in soils beneath covered areas.
Sydney, Butterworths’, pp. 198–204.
Alonso, E. E., Gens, A. and Josa, A. (1990), ‘A constitutive model for partially
saturated soils’, Ge´otechnique 40(3), 405–430.
Alonso, E. E., Lloret, A., Gens, A. and Yang, D. Q. (1995), Experimental be-
haviour of highly expansive double-structure clay, in ‘Proc. of the 1st Int. Conf.
on Unsaturated Soils (UNSAT 95), Paris, France (ed. Alonzo, E.E. and Delage,
P.), Rotterdam: Balkema, Vol. 1.’, pp. 11–16.
Alonso, E., Gens, A. and Hight, D. (1987), Special problem soils. general report, in
‘Proceedings of the 9th European conference on soil mechanics and foundation
engineering, Dublin’, Vol. 3, pp. 1087–1146.
Arbhabhirama, A. and Kridakorn, C. (1968), ‘Steady downward flow to a water
table’, Water Resources Research 4(6), 1249–1257.
Ashayeri, I., Shafiee, A. and Biglari, M. (2010), Role of critical volumetric water
content and net overburden pressure on swelling or collapse behavior of com-
pacted soils, in ‘Proceedings of the 1st European Conference, Unsaturated Soils.
334
Advances in Geo-Engineering. E-UNSAT 2008, Durham, United Kingdom, 2-4
July 2008’, CRC Press, pp. 355–359.
Bagge, G. (1985), Tension cracks in saturated clay cuttings, in ‘Proceedings of
the Eleventh International Conference on Soil Mechanics and Foundations En-
gineering, San Francisco’, Vol. 2, pp. 393–395.
Baker, R. (1981), ‘Tensile strength, tension cracks, and stability of slopes’, Soils
and Foundations 21(2), 1–17.
Banks, D. C., Strohm Jr, W. E., De Angulo, M. and Lutton, R. J. (1975), Study
of Clay Shale Slopes along the Panama Canal. Report 3. Engineering Analyses
of Slides and Strength Properties of Clay Shales along the Gaillard Cut (No.
S-70-9), Technical report, Waterways Experiment Station, Mississippi.
Bazant, Z. P. (1986), Creep and shrinkage of concrete: Mathematical modeling, in
‘Proceedings of the Fourth RILEM International Symposium, Evanstone, Illinois,
USA’.
Berry, L. and Whiteman, A. J. (1968), ‘The Nile in the Sudan’, The Geographical
Journal 134(1), 1–33.
Bishop, A. W. (1959), ‘The effective stress principle’, Teknisk Ukeblad 39, 859–863.
Bishop, A. W. and Henkel, D. J. (1957), The triaxial test, Arnold, London.
Bishop, A. W., Webb, D. L. and Lewin, P. I. (1965), ‘Undisturbed samples of
London Clay from the Ashford common shaft: strength–effective stress rela-
tionships’, Ge´otechnique 15(1), 1–31.
Bishop, A. W. and Wesley, L. D. (1975), ‘A hydraulic triaxial apparatus for con-
trolled stress path testing’, Ge´otechnique 25(4), 657–670.
Bjerrum, L. (1973), Problems of soil mechanics and construction on soft clays and
structurally unstable soils (collapsible, expansive and others), in ‘Proc. of 8th
Int. Conf. on SMFE’, Vol. 3, pp. 111–159.
Blight, G. E. (1988), ‘Some less familiar aspects of hydraulic fill structures’, Hy-
draulic Fill Structures (Geotechnical Special Publication 21), ASCE, pp. 1000–
1027.
Bolt, G. H. (1956), ‘Physico-chemical analysis of the compressibility of pure clays’,
Ge´otechnique 6(2), 86–93.
335
Bronswijk, J. J. B. (1988), ‘Modeling of water balance, cracking and subsidence
of clay soils’, Journal of Hydrology 97(3-4), 199–212.
Bronswijk, J. J. B. (1991), ‘Drying, cracking, and subsidence of a clay soil in a
lysimeter’, Soil Science 152(2), 92–99.
Brooks, R. H. and Corey, A. T. (1964), ‘Hydraulic properties of porous media’,
Hydrology Papers, Colorado State University (3), pp 27.
British Standard Institution (1990), Methods of Test for soils for civil Engineering
Purposes, BS 1377, British Standard Institution, London.
Burland, J. B. (1990), ‘On the compressibility and shear strength of natural clays’,
Ge´otechnique 40(3), 329–378.
Buursink, J. (1971), Soils of central Sudan, PhD thesis, Rijksuniversiteit te
Utrecht.
Casagrande, A., Hirschfeld, R. C., Poulos, S. J. and Bertram, G. E. (1973), Em-
bankment dam engineering: Casagrande volume, John Wiley & Sons, New York.
Chandler, R. J., Crilly, M. S. and Montgomery-Smith, G. (1992), A low-cost
method of assessing clay desiccation for low-rise buildings., in ‘Proceedings of
the ICE-Civil Engineering’, Vol. 92, ICE Virtual Library, pp. 82–89.
Childs, E. C. (1969), An introduction to the physical basis of soil water phenomena,
Wiley-Interscience, New York.
Childs, E. C. and Collis-George, N. (1950), ‘The permeability of porous materials’,
Proceedings of the Royal Society of London. Series A. Mathematical and Physical
Sciences 201(1066), 392–405.
Collins, K. and McGown, A. (1974), ‘The form and function of microfabric features
in a variety of natural soils’, Ge´otechnique 24(2), 223–254.
Cotecchia, F. and Chandler, R. J. (2000), ‘A general framework for the mechanical
behaviour of clays’, Ge´otechnique 50(4), 431–447.
Craig, R. F. (2004), Craig’s Soil Mechanics, Taylor & Francis, London.
Dineen, K. (1997), The influence of soil suction on compressibility and swelling.,
PhD thesis, Imperial College London (University of London).
336
D’Onza, F., Gallipoli, D. and Wheeler, S. J. (2012), ‘A New Procedure for De-
termining Parameter Values in the Barcelona Basic Model’, Unsaturated Soils:
Research and Applications (2), 93–102.
Elias, E. A., Salih, F. M., Salih, A. A. and Alaily, F. (2001), ‘Selected morpho-
logical characteristics of soils from gezira vertisols, with particular reference to
cracking’, International Agrophysics 15(2), 79–86.
Fredlund, D. G. and Morgenstern, N. R. (1977), ‘Stress state variables for un-
saturated soils’, Journal of Geotechnical and Geoenvironmental Engineering
103(ASCE 12919).
Fredlund, D. G. and Rahardjo, H. (1993), Soil mechanics for unsaturated soils,
Wiley-Interscience, New York.
Gallipoli, D., D’Onza, F. and Wheeler, S. J. (2010), ‘A sequential method for
selecting parameter values in the barcelona basic model’, Canadian Geotechnical
Journal 47(11), 1175–1186.
Gallipoli, D., Gens, A., Sharma, R. and Vaunat, J. (2003a), ‘An elasto-plastic
model for unsaturated soil incorporating the effects of suction and degree of
saturation on mechanical behaviour’, Ge´otechnique. 53(1), 123–136.
Gallipoli, D., Wheeler, S. J. and Karstunen, M. (2003b), ‘Modelling the varia-
tion of degree of saturation in a deformable unsaturated soil’, Ge´otechnique.
53(1), 105–112.
Gardner, R. (1937), ‘A method of measuring the capillary tension of soil moisture
over a wide moisture range’, Soil Science 43(4), 277.
Gardner, W. R. (1958), ‘Some steady-state solutions of the unsaturated moisture
flow equation with application to evaporation from a water table’, Soil science
85(4), 228–232.
Gens, A. (2010), ‘Soil-environment interactions in geotechnical engineering’,
Ge´otechnique 60(1), 3–74.
Georgiadis, K. (2003), Development, implementation and application of partially
saturated soil models in finite element analysis, PhD thesis, Imperial College
London.
Greene, H. and Snow, O. W. (1939), ‘Soil improvement in the Sudan Gezira’, The
Journal of Agricultural Science 29(01), 1–34.
337
Hamdi, H. (1967), ‘The mineralogy of the fine fraction of the alluvial soils of
egypt’, UARJ Soil. Sci 7, 15.
Hamid, M. E. I. (1978), Engineering properties of black cotton soil in Sudan, PhD
thesis, Colorado State University.
Head, K. H. (2006), Manual of soil laboratory testing, Vol. 1, Whittles Publishing;
3rd edition, Scotland, UK.
Head, K. H. and Epps, R. (1986), Manual of soil laboratory testing, Vol. 3, Pentech
Press Limited, London, UK.
Henkel, D. J. and Sowa, V. A. (1963), ‘The influence of stress history on stress
paths in undrained triaxial tests on clay’, Laboratory shear testing of soils
pp. 280–291.
Hight, D., Jardine, R. and Gens, A. (1987), ‘The behaviour of soft clays’, Chapter
2, 33–158.
Hillel, D. (1998), Environmental soil physics, Fundamentals, applications, and
environmental considerations, Academic press, San Diego, California, US.
Horseman, S. T., Winter, M. G. and Entwistle, D. C. (1987), Geotechnical char-
acterization of Boom clay in relation to the disposal of radioactive waste, Final
report. Report EUR, 10987.
Jaky, J. (1944), ‘The coefficient of earth pressure at rest’, Journal of the Society
of Hungarian Architects and Engineers 78(22), 355–358.
Jardine, R. J., Symes, M. J. and Burland, J. B. (1984), ‘The measurement of soil
stiffness in the triaxial apparatus’, Ge´otechnique 34(3), 323–340.
Jennings, J. and Burland, J. B. (1962), ‘Limitations to the use of effective stresses
in partly saturated soils’, Ge´otechnique 12(2), 125–144.
Jommi, C. (1996), Remarks on the constitutive modelling of unsaturated soils, in
‘Proc. Int. Workshop on Unsaturated Soils, Trento, Italy. (ed. Tarantina, A. and
Mancuso, C.), Rotterdam: Balkema’, pp. 139–154.
Justo, J. L., Delgado, A. and Ruiz, J. (1984), The influence of stress-path in the
collapse-swelling of soils at the laboratory, in ‘Proceedings of the Fifth Inter-
national Conference on Expansive Soils, Adelaide, South Australia, 21-23 May,
1984.’, number 84/3, pp. 67–71.
338
Khadr, M. (1961), ‘The clay mineral composition of some soils of the U.A.R.’,
Journal Soil Science (1), 141–154.
Konrad, J. M. and Ayad, R. (1997), ‘An idealized framework for the analysis of
cohesive soils undergoing desiccation’, Can Geotech J 34(4), 477–488.
Koorevaar, P., Menelik, G. and Dirksen, C. (1983), Elements of soil physics,
Vol. 13, Elsevier Science Ltd, Amsterdam (Holanda).
Ko¨ppen, W. (1931), Grundriss der klimakunde, W. de Gruyter Berlin, Leipzig.
Kunze, R. J., Uehara, G. and Graham, K. (1968), ‘Factors important in the cal-
culation of hydraulic conductivity’, Soil Science Society of America Journal
32(6), 760–765.
Lebon, J. H. G. (1965), ‘Land use in Sudan’, Monograph/The world land use
survey (4), Pp. xiii191, 39 maps and diagrams, 38 plates. 50s.
Lefebvre, G. (1970), Contribution a` l’e´tude de la stabilite´ des pentes dans les argiles
cimente´es, PhD theis, Universite´ Laval.
Leroueil, S. and Vaughan, P. R. (1990), ‘The general and congruent effects of
structure in natural soils and weak rocks’, Ge´otechnique 40(3), 467–488.
Livingstone, D. A. (1963), Chemical composition of rivers and lakes, Government
Printing Office, Washington, DC (US).
Lu, N. and Likos, W. J. (2004), Unsaturated soil mechanics, John Wiley, Hoboken,
New Jersey (US).
Lupini, J. F., Skinner, A. E. and Vaughan, P. R. (1981), ‘The drained residual
strength of cohesive soils’, Ge´otechnique 31(2), 181–213.
Marinho, F. A. M. (1994), Shrinkage behaviour of some plastic soils., PhD thesis,
Imperial College London (University of London), UK.
Marshall, T. J. (1958), ‘A relation between permeability and size distribution of
pores’, Journal of Soil Science 9(1), 1–8.
Melgarejo Corredor, M. L. (2004), Laboratory and numerical investigation of soil
water-retention curves, PhD thesis, Imperial College, University of London, UK.
Mesri, G. and Hayat, T. M. (1993), ‘The coefficient of earth pressure at rest’,
Canadian Geotechnical Journal 30(4), 647–666.
339
Mitchell, J. K. (1993), Fundamentals of Soil Behavior, John Wiley and Sons, Inc.,
New York.
Monroy, R. (2005), The influnce of load and suction changes on the volumetric
behaviour of compacted London clay, PhD thesis, Imperial College London (Uni-
versity of London).
Montanez, J. E. C. (2002), Suction and volume changes of compacted sand-
bentonite mixtures, PhD thesis, University of London.
Morin, W. J. (1971), ‘Properties of african tropical black clay soils’, Journal Fifth
Regional Conference for Africa on Soil Mechanics and Foundation Engineering,
Angola (2)(1), pp.46–54.
Morris, P. H., Graham, J. and Williams, D. J. (1992), ‘Cracking in drying soils’,
Canadian Geotechnical Journal 29(2), 263–277.
Nawari, O. and Schetelig, K. (1991), ‘Geotechnical study on kordofan tropical
black soils (sudan republic)’, Engineering Geology 31(1), 1–26.
Olsen, H. W. (1961), Hydraulic flow through saturated clays, PhD thesis, Mas-
sachusetts Institute of Technology, US.
Osman, M. A. and Charlie, W. A. (1984), Engineering properties of expansive soils
in sudan, in ‘Proceedings of the Fifth International Conference on Expansive
Soils, Adelaide, South Australia, 21-3 May, 1984.’, number 84/3, pp. 311–315.
Pickles, A. R. (1989), The application of critical state soil mechanics to predict
ground deformations below an embankment constructed on soft alluvium, PhD
thesis, City University, London.
Poppe, L. J., Paskevich, V. F., Hathaway, J. C. and Blackwood, D. S. (2001), ‘A
laboratory manual for x-ray powder diffraction’, US Geological Survey Open-File
Report 1(041), 1–88.
Rampino, C., Mancuso, C. and Vinale, F. (2000), ‘Experimental behaviour and
modelling of an unsaturated compacted soil’, Canadian Geotechnical Journal
37(4), 748–763.
Ridley, A. M. (1993), The measurement of soil moisture suction, PhD thesis,
Imperial College London (University of London).
340
Ridley, A. M. and Burland, J. B. (1993), ‘A new instrument for the measurement
of soil moisture suction’, Ge´otechnique 43(2).
Ridley, A. M. and Wray, W. K. (1996), Suction measurement-theory and prac-
tice. a state-of-the-art-review, in ‘Proc. of the 1st International Conference on
Unsaturated Soils, Paris (Eds. Alonso & Delage)’, Vol. 3, pp. 1293–1322.
Rochelle, P. L., Sarrailh, J., Tavenas, F., Roy, M. and Leroueil, S. (1981), ‘Causes
of sampling disturbance and design of a new sampler for sensitive soils’, Cana-
dian Geotechnical Journal 18(1), 52–66.
Saada, A. S. (1970), ‘Testing of anisotropic clay soils’, Journal of the Soil Mechan-
ics and Foundations Division 96(5), 1847–1852.
Schreiner, H. D. (1988), Volume change of compacted African clays., PhD thesis,
Imperial College London (University of London), London,UK.
Service, U. S. N. R. C. (1999), Soil taxonomy: A basic system of soil classification
for making and interpreting soil surveys, Iowa State University.
Sharma, R. S. (1998), Mechanical behaviour on unsaturated highly expansive clays.,
PhD thesis, University of Oxford.
Sheng, D. (2011), ‘Constitutive modelling of unsaturated soils: Discussion of fun-
damental principles’, Unsaturated soils 1, 91–112.
Siddique, A. and Hopper, R. J. (1995), ‘A numerical investigation of rate of loading
for ko-consolidation of london clay’, Journal of Civil Engineering. The Institu-
tion of Engineers, Bangladesh 23(1), 19–29.
Skempton, A. W. (1969), ‘The consolidation of clays by gravitational compaction’,
Quarterly Journal of the Geological Society 125(1-4), 373–411.
Skempton, A. W. (1970), ‘First-time slides in over-consolidated clays’,
Ge´otechnique 20(3), 320–324.
Skempton, A. W. (1985), ‘Residual strength of clays in landslides, folded strata
and the laboratory’, Ge´otechnique 35(1), 3–18.
Skempton, A. W. and Northey, R. D. (1952), ‘The sensitivity of clays’,
Ge´otechnique 3(1), 30–53.
Skempton, A. W. and Sowa, V. A. (1963), ‘The behaviour of saturated clays during
sampling and testing’, Ge´otechnique 13(4), 269–290.
341
Standard, ASTM (2010), D5298, Standard Test Method for Measurement of
Soil Potential (Suction) Using Filter Paper, ASTM International, West Con-
shohocken, PA, 2003, DOI: 10.1520/D5298-10.
Standing, J. R. (2006), Investigating the potential of using tunnelling spoil as
backfill material, Technical report, Murphy Pipelines.
Standing, J. R., Ghail, R. and Coyne, D. (2013), ‘Gas generation and accumulation
by aquifer drawdown and recharge in the london basin’, Quarterly Journal of
Engineering Geology and Hydrogeology 46(3), 293–302.
Sudan Survey Department (1952), Geological map. Eastern Khartoum Province.
Sudan solid edition, 1:250000 Khartoum.
Tarantino, A. (2009), ‘A water retention model for deformable soils’, Ge´otechnique
59(9), 751–762.
Tarantino, A. and Tombolato, S. (2005), ‘Coupling of hydraulic and mechanical
behaviour in unsaturated compacted clay’, Ge´otechnique 55(4), 307–317.
Tempany, H. A. (1917), ‘The shrinkage of soils’, The Journal of Agricultural Sci-
ence 8(03), 312–330.
Terzaghi, K. (1941), Undisturbed clay samples and undisturbed clays, Harvard
University, US.
Terzaghi, K., Peck, R. B. and Mesri, G. (1996), Soil Mechanics, John Wiley &
Sons, New York.
Tsang, W.-H. L. (2006), Using tunnelling material as backfill material, Master’s
thesis, Imperial College London.
Tsiampousi, A., Zdravkovic, L. and D.M. Potts (2013), ‘A three-dimensional hys-
teretic soil-water retension curve’, Ge´otechnique 63(2), 155–164.
van Genuchten, M. T. (1980), ‘A closed-form equation for predicting the hy-
draulic conductivity of unsaturated soils’, Soil Science Society of America Jour-
nal 44(5), 892–898.
Vardhanabhuti, B. (2007), Determination of coefficient of earth pressure at rest
of natural soft clay depositusing COWK triaxial apparatus, Technical report,
Japan Society for the promotion of science, Japan.
342
Vaughan, P. R., Hight, D. W., Sodha, V. G. et al. (1979), Factors controlling the
stability of clay fills in Britain, in ‘Institution of Civil Engineers, Proceedings
(No. Proceeding)’, pp. 205–217.
Vaunat, J., Romero, E. and Jommi, C. (2000), ‘An elastoplastic hydromechanical
model for unsaturated soils’, Experimental evidence and theoretical approaches
in unsaturated soils pp. 121–138.
Wheeler, G. L., Trotter, E. W., Dawes, I. W. and Grant, C. M. (2003), ‘Coupling
of the transcriptional regulation of glutathione biosynthesis to the availability
of glutathione and methionine via the met4 and yap1 transcription factors’,
Journal of Biological Chemistry 278(50), 49920–49928.
Wheeler, S. J. and Karube, D. (1996), Constitutive modelling, in ‘Proceedings of
the first International conference on unsaturated soils/unsat’95/Paris/France/6-
8 September 1995. Volume 3’, pp. 1323–56.
Wheeler, S. J. and Sivakumar, V. (1995), ‘An elasto-plastic critical state frame-
work for unsaturated soil’, Ge´otechnique 45(1), 35–53.
343
Appendix A
Labrotary data profile for
samples from area No.3 and No.4
Table A.1: Description profile No.31 (Buursink, 1971).
Sample code Depth(cm) Description
A1 0-14 Dry loam, soft, very friable, nonsticky and nonplastic;
no cracks; strongly calcareous; frequent fine and very
few medium roots.
IIA1b 14-54 Dry silty clay loam; weak fine angular blocky; slightly
hard; very friable; nonsticky and nonplastic; strongly
calcareous; below 30 cm depth occasional CaCO3 den-
drites; few fine and very few medium roots.
IIC 54-200 Sedimentary phenomena previal. Silty clay loam;
slightly hard, very friable, nonsticky and nonplastic;
strongly calcareous;occasional CaCO3 dendrites; some
brown iron flecks on ped surfaces which become more
reddish brown below 150cm.
Boring 200-250 Continuation of horizon above, at 250 cm frequent large
hard CaCO3 concretions make deeper boring impossible
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Table A.2: Particle size distribution of profile at location No.31 (Buursink, 1971).
Depth(cm)Horizon %>
2mm
Particle size distribution %
- - - 2-
0.2(mm)
0.2-
0.05(mm)
0.05-
0.02(mm)
0.02-
0.002(mm)
<
0.002(mm)
0-14 A1 - 0.3 31.7 26.4 16.6 25.0
14-54 IIA1b - - 5.9 37.2 27.7 29.2
54-90 IIC1 - 0.1 4.7 33.2 29.1 32.9
90-150 IIC2 - - 15.2 39.5 20.2 25.3
150-200 IIC3 - 0.1 13.3 36.3 21.6 28.7
Table A.3: Chemical test of profile at location No.31 (Buursink, 1971).
Depth, cm Horizon Organic matter(%) CaCo3(%) Gypsum (%) pH
0-14 A1 0.81 3.3 t 7.4
14-54 IIA1b 0.84 3.5 - 7.7
54-90 IIC1 0.73 4.1 - 7.7
90-150 IIC2 0.61 3.8 - 7.5
150-200 IIC3 - 4.4 - 7.4
t= trace
Table A.4: Chemical and mineralogical properties of profile at location No.31
(Buursink, 1971).
Depth (cm) Horizon Cation exch.ca. Extractable cation (meq/100g)
- - - Sum Ca Mg K Na
0-14 A1 31.6 33.1 27.6 4.2 0.9 0.4
14-54 IIA1b 38.8 40.5 31.8 7.7 0.4 0.6
54-90 IIC1 39.1 38.7 31.1 6.8 0.6 0.2
90-150 IIC2 35.2 33.3 27.5 4.9 0.8 0.1
150-200 IIC3 36.7 36.5 27.9 7.7 0.8 0.1
345
Table A.5: Description profile at location No.32 (Buursink, 1971).
Sample code Depth(cm) Description
A1 0-12 Dry clay loam,with frequent fine sandgrains and very
few quartz pebbles; moderate subangular blocky struc-
ture with platy components; hard, friable, very sticky
and very plastic; strongly calcareous; few small hard
black CaCO3 nodules; frequent fine roots.
B1 12-44 Dry clay with frequent fine sand grains; coarse prisms
breaking into moderate medium angular blocky aggre-
gates; few patchy clay; hard, friable, very sticky and
very plastic; strongly calcareous; very few small black
CaCO3 nodules; very few large hard white CaCO3 con-
cretions, few CaCO3 dendrites; very few fine roots.
B2 44-123 Dry clay; weak medium subangular blocky; hard, firm,
very sticky and very plastic; very few cracks up to 2 mm
wide; strongly calcareous ; very few large hard and very
few soft CaCO3 concretions; very few CaCO3 dendrites;
occasional gypsum crystals; very few roots.
C 123-175 Dry clay; structureless; very hard, very firm, sticky and
plastic; strongly calcareous; few small and large hard
white and yellow CaCO3 concretions; very few small
soft CaCO3 aggregations; very few CaCO3 dendrites;
very fine roots.
Table A.6: Particle size distribution of profile at location No.32 (Buursink, 1971).
Depth
(cm)
Horizon %>
2mm
Particle size distribution (%)
- - - 2-0.2
(mm)
0.2-0.05
(mm)
0.05-
0.02
(mm)
0.02-
0.002
(mm)
< 0.002
(mm)
0-12 A1 12 25.8 17.4 14.2 10.8 31.8
12-44 B1 9 23.4 9.7 10.3 14.0 42.6
44-85 B2 - 22.8 7.7 11.4 13.9 44.2
85-123 B2 - 22.8 7.8 10.4 15.6 43.4
123-175 C 2 20.8 7.1 13.1 10.7 48.3
Table A.7: Chemical test of profile at location No.32 (Buursink, 1971).
Depth, cm Horizon Organic matter (%) CaCo3 (%) Gypsum (%) pH
0-12 A1 1.29 4.6 - 7.7
12-44 B1 0.73 3.9 - 7.9
44-85 B2 - 4.3 t 7.6
85-123 B2 - 4.2 0.8 7.2
123-175 C - 1.9 - 7.6
t=trace
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Table A.8: Chemical and mineralogical properties of profile at location No.32
(Buursink, 1971).
Depth (cm) Horizon Cation exch.ca. Extractable cation (meq/100g)
- - - Sum Ca Mg K Na
0-12 A1 27.5 24.4 18.1 3.7 2.3 0.3
12-44 B1 38.0 31.9 22.7 6.4 0.7 2.1
44-85 B2 35.4 39.8 26.2 8.7 0.9 4.0
85-123 B2 36.8 33.2 20.7 7.5 0.4 4.6
123-175 C 42.9 36.0 21.3 9.1 0.4 5.2
Table A.9: Description profile at location No.33 (Buursink, 1971).
Sample code Depth(cm) Description
Ap 0-10 Moist clay with few sand grains; structureless; friable,
very sticky, very plastic; calcareous; very few small hard
dark grey CaCO3 nodules; very few fine and medium
roots.
A11 10-42 Both dry and moist clay with very few sand grains and
occasional quartz pebbles up to 3 cm large; moderate
fine angular blocky; very hard, friable, sticky and plas-
tic; calcareous; very few small hard dark grey CaCO3
nodules; very few small (1-2mm) white CaCO3 con-
cretions; very few shell fragments; very few fine and
medium roots.
A12+A11b 42-89 Moist clay; weak fine angular blocky; very hard, friable,
sticky and plastic; calcareous; very few small hard dark
grey CaCO3 nodules; very few small hard white CaCO3
concretions; some white CaCO3 dendrites on ped sur-
faces; very few medium roots.
A12b 89-146 Moist clay; wedge-shaped structural aggregates as de-
fined by pressure faces; very firm, sticky and plastic; cal-
careous; few small hard white CaCO3 concretions; oc-
casional CaCO3 dendrites and streaks on ped surfaces;
very few slickensides; very few tiny shell fragments.
AC 146-180 Moist clay; almost structureless; very firm, sticky and
plastic; calcareous; few small and large hard white and
yellow CaCO3 concretions, pH < 8.2.
Boring 180-250 Essentially similar to horizon above.
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Table A.10: Particle size distribution of profile at location No.33 (Buursink, 1971).
Depth
(cm)
Horizon %>
2mm
Particle size distribution (%)
- - - 2-0.2
(mm)
0.2-0.05
(mm)
0.05-
0.02
(mm)
0.02-
0.002
(mm)
< 0.002
(mm)
0-10 Ap - 8.8 5.6 5.4 11.9 68.3
10-42 A11 - 8.0 4.9 5.0 13.2 68.9
42-89 A12+A11b- 8.0 4.4 7.6 12.9 67.1
89-146 A12b - 5.0 3.6 5.5 12.7 73.2
146-180 AC 0.8 2.8 3.2 8.6 13.5 71.8
Table A.11: Chemical test of profile at location No.33 (Buursink,1971).
Depth (cm) Horizon Organic matter (%) CaCo3 (%) Gypsum (%) pH
0-10 Ap 0.56 4.7 - 8.0
10-42 A11 0.55 3.7 - 8.0
42-89 A12+A11b 0.54 5.3 - 8.5
89-146 A12b 0.56 4.4 - 8.2
146-180 AC - 10.0 0.7 7.6
Table A.12: Chemical and mineralogical properties of profile at location No.33
(Buursink, 1971).
Depth (cm) Horizon Cation exch.ca. Extractable cation (meq/100g)
- - - Sum Ca Mg K Na
0-10 Ap 70.9 65.3 51.5 10.3 0.9 2.6
10-42 A11 70.9 64.7 57.8 10.9 0.7 5.3
42-89 A12+A11b 71.4 65.0 44.3 11.6 0.5 8.6
89-146 A12b 72.0 66.3 41.9 15.1 0.4 8.9
146-180 AC 66.6 63.0 39.4 14.5 0.5 8.6
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Table A.13: Description profile at location No.34 (Buursink, 1971).
Sample code Depth(cm) Description
A11 0-11 Moist clay with very few sand grains; structureless; fri-
able, slightly sticky and plastic; few small hard black
CaCO3 nodules; calcareous; very few fine and big roots.
A12 11-65 Moist clay with very few sand grains and very few scat-
tered quartz pebbles up to 2cm; weak angular blocky
with platy components becoming even weaker developed
towards the base of horizon; very hard, very firm, very
sticky and very plastic; few small hard black CaCO3
nodules; few small hard white CaCO3 concretions; cal-
careous; very few fine and medium roots.
A13 65-155 Dry and moist clay with very few sand grains and occa-
sional small quartz pebbles; very hard, very firm, very
sticky and very plastic; some small slickensides; very
few small hard white CaCO3 concretions, some CaCO3
streaks following root channels; calcareous;down to 1m
depth very few fine roots.
AC 155-200 Dry clay with very few sand grains; structure elements
defined by 20-30 cm long slickensides; consistency as
horizon above; few small and large white CaCO3 con-
cretions; calcareous; pH 8.0.
Table A.14: Particle size distribution of profile at location No.34 (Buursink, 1971).
Depth
(cm)
Horizon %>
2mm
Particle size distribution (%)
- - - 2-0.2
(mm)
0.2-0.05
(mm)
0.05-
0.02
(mm)
0.02-
0.002
(mm)
< 0.002
(mm)
0-11 A11 - 7.6 5.3 11.1 8.8 67.2
11-65 A12 - 5.9 5.6 4.4 10.2 73.9
65-110 A13 - 7.3 4.6 4.7 11.9 71.5
110-155 A13 - 6.7 4.7 10.8 1.3 76.5
155-200 AC - 4.0 3.8 11.1 12.2 68.9
Table A.15: Chemical test of profile at location No.34 (Buursink, 1971).
Depth (cm) Horizon Organic matter (%) CaCo3 (%) Gypsum (%) pH
0-11 A11 0.56 3.2 - 7.9
11-65 A12 0.56 4.2 - 8.4
65-110 A13 - 4.6 - 8.4
110-155 A13 - 3.9 t 7.9
155-200 AC - 2.9 t 7.7
t=trace
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Table A.16: Chemical and mineralogical properties of profile at location No.34
(Buursink, 1971).
Depth (cm) Horizon Cation exch.ca. Extractable cation (meq/100g)
- - - Sum Ca Mg K Na
0-11 A11 69.5 64.1 50.9 9.6 0.7 2.9
11-65 A12 68.3 58.9 44.1 7.3 0.5 7.0
65-110 A13 68.0 62.1 40.1 11.4 0.4 10.2
110-155 A13 71.5 66.8 41.6 13.7 0.4 11.1
155-200 AC 71.6 67.0 39.3 15.2 0.4 12.1
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Table A.17: Description profile at location No.43 (Buursink, 1971).
Sample code Depth(cm) Description
A11 0-17 Sandy clay loam; weak medium and fine angular blocky;
hard, friable, sticky and plastic; no craks; very few small
hard dark grey CaCO3 nodules; strongly calcareous; few
fine roots.
A12 17-40 Sandy clay; weak medium and fine angular blocky; very
hard, firm, sticky and plastic; very few small hard dark
grey CaCO3 nodules; very few small soft and hard
CaCO3 concretions; strongly calcareous; very few roots.
B 40-72 Sandy clay; moderate fine angular blocky; very hard,
firm, sticky and plastic; very small and large hard white
CaCO3 concretions, some of which are dark grey inside;
strongly calcareous; no roots.
B 72-117 Sandy clay loam; structureless; extermely hard, firm,
slightly sticky and plastic; few small and large hard
white CaCO3 concretions; pH 8.9.
B2 117-162 Sandy loam; structureless; extermely hard, firm, slightly
sticky and plastic; few small and large hard white
CaCO3 concretions; strongly calcareous; pH 8.8.
C 162-190 Dark grey loamy sand; structureless; hard, firm, non-
sticky and non-plastic; few small hard whitish CaCO3
concretions; calcareous; pH 8.6.
Table A.18: Particle size distribution of profile at location No.43 (Buursink, 1971).
Depth
(cm)
Horizon %>
2mm
Particle size distribution (%)
- - - 2-0.2
(mm)
0.2-0.05
(mm)
0.05-
0.02
(mm)
0.02-
0.002
(mm)
< 0.002
(mm)
0-17 A11 1 27.5 25.4 4.7 8.8 33.6
17-40 A12 1 20.5 26.8 6.4 8.7 37.6
40-72 B - 23.1 31.1 2.4 7.1 36.3
72-117 B 0.8 20.1 34.4 3.7 3.7 28.1
117-162 B2 0.8 34.6 42.7 3.2 2.7 16.8
162-190 C 0.8 6.8 74.8 3.7 3.7 11.0
351
Table A.19: Chemical test of profile at location No.43 (Buursink, 1971).
Depth (cm) Horizon Organic matter (%) CaCo3 (%) Gypsum (%) pH
0-17 A11 0.22 8.5 - 9.8
17-40 A12 0.24 6.3 - 9.9
40-72 B 0.09 7.4 - 9.8
72-117 B 0.06 4.1 - 10.0
117-162 B2 - 2.7 - 10.2
162-190 C - 3.7 - 10.1
Table A.20: Chemical and mineralogical properties of profile at location No.43
(Buursink, 1971).
Depth (cm) Horizon Cation exch.ca. Extractable cation (meq/100g)
- - - Sum Ca Mg K Na
0-17 A11 27.8 29.8 23.2 3.1 1.0 2.5
17-40 A12 35.8 34.7 18.1 3.8 0.9 11.9
40-72 B 29.2 29.3 15.0 4.6 0.9 8.8
72-117 B 23.7 25.1 13.1 4.6 0.3 7.1
117-162 B2 14.9 17.3 10.3 3.0 0.7 3.4
162-190 C 12.8 13.5 8.4 2.4 0.2 2.5
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Table A.21: Description profile at location No.44 (Buursink, 1971).
Sample code Depth(cm) Description
A11 0-25 Sandy clay loam; moderate fine and medium angular
blocky; hard, firm, sticky and plastic; very few cracks
not more than 5 mm wide; few small hard dark grey
CaCO3 nodules; strongly calcareous; very few fine roots;
pH 9.6.
A12 25-50 Sandy clay loam; weak fine angular blocky; very hard,
firm, sticky and plastic; very few small hard dark grey
CaCO3 nodules mainly as crack fillings; few small hard
white CaCO3 concretions; strongly calcareous; no roots.
A13 50-95 Sandy clay loam; weak fine angular blocky; very hard,
very firm, sticky and plastic; small and large hard white
CaCO3 concretions; strongly calcareous; no roots.
B 95-135 Sandy clay loam; structureless; very hard, very firm,
slightly sticky and plastic; few small and large hard
white CaCO3 concretions; strongly calcareous; pH 9.4.
B2 135-170 Sandy loam; structureless; extermely hard, very firm,
non-sticky and non-plastic; very few small and large
hard white CaCO3 concretions; strongly calcareous; pH
9.2.
C 170-185 loamy sand; structureless; slightly hard, loose, moist,
non-sticky and non-plastic; no CaCO3 concretions; cal-
careous; pH 9.0.
Boring 185-250 Similar to horizon above, very few large hard white
CaCO3 concretions occur.
Table A.22: Particle size distribution of profile at location No.44 (Buursink,1971).
Depth
(cm)
Horizon %>
2mm
Particle size distribution %
- - - 2-0.2
(mm)
0.2-0.05
(mm)
0.05-
0.02
(mm)
0.02-
0.002
(mm)
<
0.002(mm)
0-25 A11 - 33.0 27.3 3.6 5.4 30.7
25-50 A12 - 29.7 25.4 4.7 6.5 33.7
50-95 A13 - 31.9 28.7 2.3 6.4 30.7
95-135 B 1 32.4 38.2 4.4 4.4 20.6
135-170 B2 0.8 54.4 29.1 2.1 3.1 11.3
170-185 C - 63.5 23.5 - 3.7 9.3
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Table A.23: Chemical test of sample No.44 (Buursink, 1971).
Depth (cm) Horizon Organic matter (%) CaCo3 (%) Gypsum (%) pH
0-25 A11 0.14 9.7 - 10.0
25-50 A12 0.20 8.5 - 9.9
50-95 A13 - 8.4 - 10.0
95-135 B - 1.9 - 10.1
135-170 B2 - 1.6 - 10.2
170-185 C - 3.8 - 10.2
Table A.24: Chemical and mineralogical properties of profile at location No.44
(Buursink, 1971).
Depth (cm) Horizon Cation exch.ca. Extractable cation (meq/100g)
- - - Sum Ca Mg K Na
0-25 A11 21.9 25.0 13.8 2.2 1.0 8.0
25-50 A12 27.4 30.8 12.4 2.6 0.1 15.7
50-95 A13 24.1 25.2 10.8 3.1 0.1 11.2
95-135 B 21.3 24.6 11.2 3.2 t 10.2
135-170 B2 13.7 13.8 6.9 2.2 0.2 4.5
170-185 C 10.1 10.6 5.9 1.8 0.2 2.7
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Appendix B
XRD test results
 
Figure B.1: XRD result for reconstituted red soil.
355
 Figure B.2: XRD result for reconstituted black soil.
 
Figure B.3: XRD result for intact black soil.
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Appendix C
Calibration of oedometer
apparatus
The oedometer apparatus compliance was investigated using a dummy steel sam-
ple. The sample was loaded to a maximum load and unloaded as if it was a real
soil sample. The dummy sample had a size of 19.41mm in thickness and 50mm in
diameter. The calibration results are presented in Table B.1and Figure B.1.
Figure B.1 shows the compliance of oedomtere ML-OED-02 and TL-OED-02
on a logarithmic scale . The results reveal that the system compliance is non-linear
and hysteretic during loading and unloading stage. Corrections were made to the
oedometer test data presented in this thesis to take the apparatus compliance into
account.
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Figure C.1: Compliance of the oedometer loading system.
Table C.1: Calibration of the oedometer loading system .
ML-OED-02 TL-OED-02
Load (lb) stress (kPa) displacement
(mm)
Load (lb) stress (kPa) displacement
(mm)
1 25.1 0.100 1 25.1 0.028
2.5 62.7 0.192 2.5 62.7 0.084
5 125.4 0.267 5 125.4 0.127
10 250.7 0.342 10 250.7 0.183
20 501.4 0.407 20 501.4 0.247
40 1002.9 0.467 40 1002.9 0.307
60 1504.3 0.502 60 1504.3 0.359
80 2005.7 0.532 80 2005.7 0.399
120 3008.6 0.587 120 3008.6 0.451
160 4011.5 0.634 160 4011.5 0.487
200 5014.4 0.672 200 5014.4 0.518
240 6017.2 0.712 240 6017.2 0.550
200 5014.4 0.690 200 5014.4 0.538
160 4011.5 0.664 160 4011.5 0.526
120 3008.6 0.634 120 3008.6 0.510
80 2005.7 0.602 80 2005.7 0.479
40 1002.9 0.564 40 1002.9 0.427
20 501.4 0.537 20 501.4 0.387
10 250.7 0.789 10 250.7 0.339
5 125.4 0.492 5 125.4 0.315
2.5 62.7 0.482 2.5 62.7 0.291
1 25.1 0.447 1 25.1 0.255
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Appendix D
Hand-cut block sampling
technique
Block sample
(a)
Figure D.1: Hand-cut block sampling technique; (a) area where block samples
come from, (b) depth of block samples and (c) soil blocks trimmed to specified
size.
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Block sample
(b)
Block sample
(c)
Figure D.1: Hand-cut block sampling technique; (a) area where block samples
come from, (b) depth of block samples and (c) soil blocks trimmed to specified
size.
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